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Plasmas (Phys. Rev.)

Q. Fujimura, Analysis of Nasal Consonants (J. Acoust. Soc. Am.)

J. V. Gaven, J. S. Waugh, and W. H. Stockmayer, Self-diffusion and Impurity-
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JOURNAL ARTICLES ACCEPTED FOR PUBLICATION {(continued)

G. ‘G. Hamies and P. Fasgella, A Kinetic Study of Glutamic-Aspartic Transaminase

(3. Am. Chem.: Soec.)

G. G. Hammes and J. L. Steinfeld, Relaxation Spectra of Some Ni{ll) and Co(ll) Com-
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=
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399 Jacob Ziv, Coding and Decoding for Time-Discrete Amplitude-Continuous Memory-
less Channels
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SPECIAL PUBLICATIONS
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S. McCulloch, The Colloquy of Living Things (Bio-Télemetry, edited by
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Ionization of Cesium at Surfaces
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H. Yngve, Toward Better Programming Languages (Digest of Technical Papers,
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Introduction

This report, the sixty-eighth in 4 series of quarterly progress reports issued
by the Reséarch Laberatery of Electronics, ¢ontains a reviéw of thé research
activities of the Laboratory for the three-ioiith period ending November 30; 1962.
Since this is a prelitninary report, no results should be considered final.

Following our customn of the past several years, in thi§ issue of January 15,
1963 we preface the report of each research group with a statement of the objec=
tives of the group. These summariés of our aims are presented in an effort to give
perspective to the detailed reports of this and ensuing quarters.



RADIO PHYSICS
I. PHYSICAL ELECTRONICS

Prof. W. B. Nottingham ¥. L. Coggins
B. L. Blackford L. E. Sprague

RESEARCH OBJECTIVES
1. ‘Theory of Energy Cornversion Electronics
'The effectiveness of énergy conversion by means of thermionic emission from an
/depends upon the ex1stence of a suitable difference in work-function between the
Many aspects of the 1c:.s of electro‘ cg are involved in
o k : C th"éo‘r,y eompare'd
The

. oneé of our obJectwes to organ 'e these various bra.nches of physms
and relate them to experlmental work that ig generally carried on in laboratories:

2. Work=Function Detefmihation by the Electron Energy Dvlstmbut-lon Method

of these apertures.
which ig gimilar it

current-voltage char
temperature that des

th1s test proves sat1sfactory, the work-funct_on of the collector can be determmed
directly from the knowledge of the current density and the applied voltage. In order

to make this study in the temperature range for which an appreciable electron emission
from the collector cah take place, the center diaphragm of the three can be modulated
by the application of a square-wave, cutoff potential, and a sharply tuned amplifier can

detect the modulated current in the presence of a considerable background of direct

current.

3. Adsorption Properties of Single Crystals of Tungsten before and after
Carburization

Experiments with clean tungsten crystals show that different crystallographic ori-
entations adsorb cesium with specific characteristics. Generally speaking, the (110)
direction and the (112) direction hold cesium best. This is indicated by the fact that at
a given cesjum pressure these originally high work-function surfaces become the lowest

of all. Experience in the field of thermionic emission from thoriated tungsten has led to
the commercialized technique of carburizing the surface layer. After carburization,
this layer holds thorium better than it did before. The purpose of this experxment is to
find out whether or not surface treatment of tungsten can create a situation in which
cesgium will hold on to give a suitably low work-function at a very high temperature and



{I. PHYSICAL ELECTRONICS)

not also require an excedsive arrival rate of césium.

Selected turigsten wire can be polished and processed in such a manner as to make
long single crystals grow ih the wir ‘Thege single ¢rystals exhibit all of the available
erystal directions that combme as :( x), w1th X takmg on values from zero to in 1n1ty
‘The-eléectrone After the ¢rystal is
grown and its§ or1entat1on determmed, it ¢an be carbunzed. Cesmm is then admitted
and the emlsswn pattern remvest1gated to seé to what extent the earburization has influ-

4, Cesgium Ionization on a Thoriated Filament

Surrface ionization of cesium depends on the effective work-function of the surface
and its temperature. The total number of ions produced depends also on the arrival
rate of cesium. Under most conditions, the work=function itself depends on the césium
arrival rate and temperature and, therefore; it is very difficult to evaluate the influ-
ence of the work-function itself. A thoriated hingsten filament ¢an bé ¢ontrolled to have
an effective work-function between ~ 3 electron volts anid ~ 4.5 electron volts. After
havmg brought about the activation; its temperatire ¢an be raised suff1c1ent1y high 86
that practically no ce m atoths stick to the surface if the cesium pressire is hot too
high, and also no additional thorium activation takes placé: It is the purpose of this
experiment to try to evaluate qualitatively at least, and qua.nt1tat1ve1y if possible; the

direct influence of the surface work-function on the cesium ion production rate.

5. MeLeod Gauge Evaluation

Vacuum technology depends on there bemg gome good standard of pressure measures=
nient as a means of cahbratlon for measurmg devices that depend on other phenoine

it ,ent is under
< agamst the other, when both are constructed as

l omparison will be made with a sgtati¢ system, ih con-
later comparison that will be made with gas flowing through apertures. The

nearly hke as p0551 1e.
trast to ¢

scheme involves the control of gas flow from a high-pressure region to a medium-

pressure région and, finally, to a very low-pressure region. One McLeod gauge can
be calibrated against ancther in terms of the areas of the apertures that connect these
reglons It is the ob;ectwe of thm research to try to evaluate the mﬂuence of cap11-

CESIUM ON GLASS

Experiments concerned with the measurement of small currents (electron emission,
ion emission, and so forth) in the presence of cesium vapor are often harassed by elec-
trical leakage caused by cesium atoms which adsorb on the glass walls and presses of
the tube. The adverse effects of this leakage are commonly reduced by raising the glass
temperature and by the use of "guard rings.” The experiments reported here relate
specifically to the quantitative investigation of the effect of glass wall temperature and
cesium bath temperature on the leakage resistance.

QPR No. 68 2



, an
PR RS S — X - -

(I. PHYSICAL ELECTRONICS)
; 1. Experimental Arrangement
The expérimental tube is sketched in Fig. I-1. Poténtials of 0-45 volts are applied

across the two electrodes and the corresponding currents measured with a sensgitive de
electrometer. The entire tube is contained in a shielded temperature-regulated oven.

 TYNG STEN PRESS
j LEADS

_— PLATINUM BAND

V-

| = PLATINUM BAND
' 4

| PYREX GLASS

; W NG, 7740

_——CESIUM APPENDIX

Fig. I-1. Experimental tube.

The cegium appendix ig immersed in a water bath whose temperature is regulated indes
pendently of the oven. The enlarged section of the tube is equipped with a heating tape
powered by direct current to aveid pickup in the electrometer circuitry.

The oven temperature is always maintained higher than that of the cesium bath so
that the pressure in the tube is controlled by the bath temperature..

2. Experimental Results

The leakage values are characterized by a quantity p_ which denotes the resistance
of a square of the cesium covered glass surface. The resistance R of a rectangular

QPR. No. 68 3
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shaped surface is given by

R = p_S_l., 1)
d
where £ is the length parallel to the current, and d the length in the perpendicular direc-
tion.
Figure 1-2 shows p as a function of the glass temperature T @t two different values
of cesiumn bath temperature T . It is seen that p_ has an exponeiitial deperidence on
1/"1\‘6 for T, less than 100°C; and that the constant in the éxponential is nearly independ-

G
ent of T, in the measured temperature range. The decrease of p_ at the higher

C

1™

TR il

R {:frﬁ‘f :
I

T TG

Prg (OHMS)
TR

=T rrnrrr

T~ T “'

1 = #1.9,
* ‘TGS"23 C

1. =65°%
® Tegs65°%C

=~ nulll_ -

TR VAT U [N s S S S NN S O VO Y O S SO IS 'Y
1.3 1,5 17 19 20 23 25 27 29 3.0 33
= %10 !
s

Fig. 1-2. Resistance of a square as a function of glass temperature
at two values of cesium bath temperature. T varies
from 30°C to 400°C.



(I. PHYSICAL ELECTRONICS)
temperatures is caused by leakage through the glass itsélf rather than acrogs the surface.
This statement was verified by measvrements fmade on the bare glass before cesium was
admitted into the tibe. At the lowest value of TG and T;c - waiting period of several
is free of cesium initially. ‘The faet that both curves do nét approach the same valieé at
high temperatures is assumed to be due to a permanent reaction that occurs between the
glass and cesium during high-tempeérature operation. Evidence for thi§ agsumption is
obtained from an earlier curve taken at Tg = 23°C. It had a maximum value of Py APProx-
imately three times greater than the curve for T'Ci‘s £23°C in Fig. I-2. This earlier
curve is not réported here bécause it represents noneéquilibrium data at the low values

of TG" The data at T‘C's‘ 65°C were taken after those at T‘Cs 23°C.

m{\ o

=T TR

‘:I‘;“]"‘lfll:l'hll‘l";

TP T

P, (OHMS)

RERLL )

T T

Lg = Oc
QTG 74°¢

- [}
!ng—l% C

=TT ||1l‘l‘|‘ -

'~
o
[X]
9!
w
(=)

ar 82 33 3.4

T"_] x 1073 (K®) =1
cs

Fig. I-3. Resistance of a square as a function of cesium bath
temperature at two values of glass temperature. T.
varies from 20°C to 65°C. "

Figure 1-3 shows p_ as a function of T at two different values of T,. Here again

QPR No. 68 5
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Py depends exponentially on l,/’r,c,s, but the slope has a noticeable dependence on TG At
T4°C, Py is approximately proportional to the square of the cesifi vapor pressure;

this indicates that p g I8 strongly dependent on atom arrival rate.

Regardihg the amount of cesium present on the glass surface at given values of TG
and TC g @ gitnple interpretation of the data gives eviderice that the coverage is d6mewhat
less than 4 monolayer in the température ranges of Fig. I-3.

Photocurrents were observed when the tube was subjécted to external light. With
ordinary room light they are of such magnitude as to mask the leakage current at
'TI";C,g = 23°C and TG above ~ 100°C. This made it necessary to take the data with the
tube shiélded from all light. Several simplé experiments gave evidence that these photo-
ciirrents are produced by photoemission of eléctrons from the cesium-covered glass;
particularly in the regions near the electrodes.

3. Summary

The significant results of
{a) Useful data relating electrical leakage across cesium-covered glass surfaces to

glass temperature and ¢ceésium-bath témperature have been obtained for a limited range
of temperature. (b) Photocurrents capable of masking leakage currents over a large
temperature range were observed.
Further work with ceramic surfaces used is planned: This will allow data to be
obtained over a larger temperature range.
B. L: Blackford

QPR No. 68 6
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Ii. SOFT X-RAY SPECTROSCOPY

Prof. G. G. Hatvey F. H, Byers S: R. Reznek
Prof. K. W. iman J. B. Lastovka N. K. Winsor

RESEARCH OBJECTIVES

"The soft. x= ray spectroscopy program | has as its obJectwe the experimental study of
’ g i lectrons m a ser1es of metals, part1cu1arly the
The fllled portmn of such

e sharp\ levels below th1s band <In most metals thJ.s
250 ev (wavelength in the range 50 900 A), so

Wi"dths ’of these bands usu" 'ly he i the range 2 10 ev.
I order to avoid the serious contamination of the metal that is be“ing investigated,
which arises in a conventional system, an ultrahigh vacuum (55(10 Torr) spectrometer

has been constructed: Another feature of the device is the elimination of a grating as a
dispersion eléement. This is accomphshed through the use of a neutral atomic beam from

‘ay' bombardment The photoelectron ener-
This instrument is still

view of recent théoretical
The expéri ‘ntal consequences

ive of the group is to investigate metals in
lation of sol'ds.

y p [ 't
5 body theory ‘A cur t. effort is to observe plasma rad1at10n from a thm
f1 m in which the valence electrons are undergomg collectlve oscﬂlatmns. Further

is. bemg made to all h vacu *m cond1t1ons to prevall so that data obtamed can
he interpreted as beirg due to the metal specimen, rather than to contamination which
so often obscures the results in the soft x=ray wavelength region,

G. G. Harvey, K. W. Billman
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III. X-RAY DIFFRACTION STUDIES

Prof. B. E. Warren
K. Haruta

RESEARCH OBJECTIVES

We are working on the application of x-ray diffraction methods to thé study of prob-
lems of interest in solid state physics. Applications of current interest are:

1. The determination of interatomic fore¢e constants and frequency distributions in
sitnple structures from a measurement of the temperature diffise scattering of x-rays.

2. Measurement of long-range and short-range order parameters in binary alloys
that show order -dlsorder changes

fau iﬁg Present ernphasm is on the usé of ordered alloys such as Cu Au in whlch there

ture reflections
nforimation than the

are both fundamental and superstructure reflections. The superst:
r ‘ re sensitive to cold work, and give c¢onsiderably more
x-ray reflections from an element.

B. E. Warren
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IV. PHYSICAL: CHEMISTRY

Prof. C. W. Garland

RESEARCH OBJECTIVES

There is a variety of problems in the physics anhd chemistry of solids in which
phonons (lattlce V1brat10ns play an 1mportant role ] ‘e theory of lattme dynam1cs can

ine the low-temperature ther' ropertles They also prov1de a way of testmg
or evaluating the force constant parameters in various forée inodels of a solids

C0n51derab1e emphas1s has been glven to studles of highly a.msofcropm sohds, such

There are
: such as NH4CI near the eritical

temperature for an ordersdisorder transition. The various independent elastic constants
of a single crystal behave quite differently in the vicinity of a lambda point; and such

differences are related to the detailed struectural changes that oceur and the nature of
the interatomic ferces involved.

"anomaleus n changes in the elastlc vconstants of a S

€. W. Garland
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V. BIGPHYSICAL CHEMISTRY"

Prof; G. G. Hammes
Dr. J. J. Burke

RESEARCH OBJECTIVES

In fecent years, considerable effort has been expended in the elucidation of biochem-
ical mechanisms by utilizing physical chemical techniques. This project; while we are
still making use of general physical chemical techniques, is primarily ¢oncerned with
kinetic studies of ¢hemical reactions of biochemical interest: Techniques have recently
been developed which permit thé study of chemical reactions with half times a§ short as

5 X ioiw sec; ! The advantage of being able to carry out kinetic studies over an extended

time range is that the entire course of a chemical reactiof ¢an be observed. Since reac-
tion intermediates are directly detected, detailed chemical mechanismsg can be obtained.

In order to better understand complex biological reactions, the behavior of some
simpler model systems is being 1nvest1gated This work inéludes stiidiés of the inter-
actions of metal ions with atiino acids, peptides, and pélymiers in an effort te try and

uniderstand the role of metal ions ih énzyme catalysis. 2 Alsoe, sinceé macromolecules
are of extreme jnmportance in biological systems, chemical processes ii volving 51mp1e
polymers, polypeptides, proteins; dnd polynuclectides are being examined, particularly
with regard 1o posgible fast conformational ¢hanhges:

In addition t6 model systems, Several enzymatic Systemns are being studied. Fast

redction techniques have already yielded a detailed mechanism for one enzyme sysi:em3
anid results for other systems will be available soon. Alse, the catalytic role of the
macroimolecule is béiﬁg‘ explored.

By coupling kinetic studies with known information about molecular structures, it
ultimateély should be possible t6 understand enzymati¢ mechanisms 6n a molecular basgis.

G. G. Hammes
References
1. G. G. Hammes, Quarterly Progress Report No. 65, Research Laboratory of
Electronics, M.I.T., April 15, 1962, p. 5.

2. G.G. Hammes and J. I. Steinfeld, Relaxation spectra of some Ni(II) and Co(II)
complexes, J. Am. Chem. Soc. (in press).

3. G. G. Hammes and P, Fasella, A kinetic study of glutamic-agpartic transamin-
agse, J. Am. Chem, Soc. (in press)

RG- 7803)
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of information, especially for the metal

.
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Vi. MICROWAVE SPECTROSCOPY”

Prof. M: W: P. Strandberg R. Huibonhoa Mahin Rahmani |
Prof. R. L. Kyhl J. G. Ingersoll W. J. Schwabe |
J:. M. Andrews, Jr: P. F. Kellen J. R. Shane ‘
J. €. Burgiel J. D. Kierstead N. Tepley

Y. H. Cha S. H. Lerman C. F. Tomes

D. W. Covington J. W. Mayo 8. H. Wemple

RESEARCH OBJECTIVES

During the past year; electron parafagnetic resonance studies in solids have con-
centrated on the interaction processeés within the spin system and bétween the spins and
the lattice. A detailed ana1y51s of the lihe -bfoadening miechanism and line shape in ruby
has been completed and gives a very satisfactory interpretation of expérimentally
observed line shapes. Spin-lattice rélaxation studies have centinued; appatatus for
generation of cohérent microwave phonons has been constructed and is now operatifig in
an understandable fashion. Electron paramaghnetic resonafice (EPR) techniques were
used as a sénsitive detection mechamsm for recombination studies in gases. An appli=

cation of a detailed understanding of the physics of electron paramagnetism to micro=

wave maser technology was successfully concluded with the operation of a broadband
cavity maser at X-band.

In a different direction, a series of studies of superconductivity in thin films was
carriéd out and the micro ave measurement téchniques developed for EPR wére apphed
to the measurement of m i surface impedance of superconductors.

The d1rectlon that our work w111 be takmg in the futufe w111 mclude not only further

information.

A major effort will be concentrated on the coherent phonon work; which will be
extended for the study of metals and semiconductors because it is such a useful source
) state. There is no doubt that information
that is useful for understandmg the physics of metals is obtainable with electromagnetlc
radiation in othér spectral regions from the soft x-ray region (oh which researc *
been carried out by another group at the Research Laboratory of Electronics; see
Section II), through the optical region, to the microwave region, We are now carrying
out preliminary experiments on metal plasmas in the optical region using a laser source;
this we hope will encourage further effort. The microwave surface impedance studies
using our high speed plotter have shown that very useful information is available from
surface impedance studies, and we hope to extend this work with improved apparatus

and the use of the facilities of the National Magnet Laboratory, especially for the study

of the effect of magnetic fields on the surface impedance — monotonic, resonant or
oscillatory — of ordmary metals. These studies will require strong support on the
theoretical side both in our group and from other groups at M.I. T. and elsewhere.
This means that this program is large not only in effort, but also in time scale.

M. W. P. Strandberg, R. L. Kyhl

ThlS work was supported in part by the U. 8. Army Signal Corps under Contract
DA36-039-5¢-87376; and in part by Purchase Order DDL B-00368 with Lincoln Labor-
atory, a center for research operated by Massachusetts Institute of Technology with
the joint support of the U..S. Army, Navy, and Air Force under Air Force Contract
AF19(604)-7400.
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VIA. OPTICAL AND INFRARED MASERS

Prof. €. H. Townes Elsa M. Garmire M. R. Pearlman
Prof. A; Javan T. S. Jaseja H. Schlossberg
R. €. Addison,; Jr. J. H. Parks 8. R. Stokowski
R. Y. Chiao A. Szoke

RESEARCH OBJECTIVES

This research program on optical and infrared masers is a broad and continuing
investigation of the more fundamental aspects of masers and their utilization for physical
expériments. The immediate objectives ¢an be described as continuation and completion
of a number of expemments launched last year on the applications of masers to specs
troscopy and té precision measurements of physmal quantities. These include a precise
determination of an upper lifnit to the " ether drift," a miodern form of the Michelson
and Morley experiment. The spectrum of an optical maser oscillator will be studied
further, as will standards of length. For the latter purpose, sevVeral new approaches
in which ah atemic beain is used for the active opt1cal mediuim will be pursued. We plan
to ermphasize the generation of a monochromatic source of 'ght m the far infrared, using
maser and parametric techniques. The application of such ) it to far infra-

red spectroscopy, and of infrared masers to speétroscopm stud 28, w111 also be inives-
tigated.

C. H. Townes, A. Javan
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VIi. NUCLEAR MAGNETIC RESONANCE AND HYPERFINE STRUCTURE

Prof. F. Bitter E. R. Hegblom H. C. Praddaude
Prof. J. S. Waugh D. J. Hegyi O. Redi »
Dr. L. C. Bradley I F. A. Liégeois C: J Schuler; Jr.
Dr. H. H. Stroke R. G. Little R. W. Simon

Dr. J. F. Waymouth J. D. Macomber Ww. W Srith

J. €. Chapman F. Mannis M. J. Stavn

T. Fohl P. G. Mennitt W. J. Tomlinson I
W. D. Halverson S. R. Miller W. T. Walter

RESEARCH OBJECTIVES

There are four main objectives in the work of this group: first, the investigation of
molecular and solid-state problems iby nuclear magnet1c ~resonance techniques; Second,
ifv igat] e § i rly of radioactiveé nuclei,; by
nuclear magnetlc-resonance techmques and by the mves igation of atomic hypetrfine-
structure and isotope shift; third, the developmerit of atoini¢ resonance techniques for
the study of resonance radiatien; and fourth, the study of the earth's magnetosphere.

1. Niuc¢lear Magnetic Resonance
Our molecular studies by means of nuclear resonance continiue to emphasizé: (a) the
nature of »phase trans1t1ons, partlcularly those involving order-disorder phenomena, in

solids: g 1 r 4 stion in the transport propertiés
of fluids; and {e) determmatmn of the structures of simple molecules.

J: S. Waugh
2. Hyperfine Structure

Optical purmnping and nucleaf resonance have béen used Successfully to achieve new
fesults. The results of our 1sotope-sh1ft experiments have clarified the causes of the
" odd-even staggering" effect observed in atomic spectra of heavy elements. These
results show that further systematic Study of both isotope and nuclear isomer shifts
should provide valuable information on rniuclear interactions; in particular, on the polar-
ization of nuclei by nucleons. The theoretical study of the "hyperfine=structure anomaly"
and the formalism that we have developed has been used to test explicit assignments
of nuclear wave functions. Atomic-beam absorption techniques are being devel-
oped and used for precise spectroscopic measurements, as well as for detailed studies
of spectral-line profiles. Hyperfine-structure "level crossing" and double-resonance
experiments have been carried out with both stable and radicactive atoms. Further
work with both types of experiments is expected to yield data on atomic collisions and
radiation coherence, An experiment has been performed to test possible parity non-
conservation in molecular interactions. This work is being extended to other tran-
sitions; and to refining the upper limit on the mixing coefficient of a parity nonconserving
state. )

L. C. Bradley III, H. H. Stroke, F. Bitter

3. Atomic Resonance Spectroscopy

The detailed analysis of light is becoming increasingly important in such varied fields
as atomic and nuclear physics, communication, and astrophysics. In addition to results
achieved by spectroscopic instruments that measure wavelengths, the use of magnet1cally
tunable atomic oscillators for measuring frequency distributions offers great promise.

In particular, the use of atomic beams in uniform variable magnetic fields promises to
become a useful tool for studies of the shape of resonance lines transmitted through
radiating and absorbing media.

Also, atoms may be considered as oscillators in which radiofrequencies and optical
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{(vii. NUCLEAR MAGNETIC RESONANCE)

frequericies are coupled whenever the simultaneous absorption of two such different fre-
quencies ifivolves 4 comiition level. Subtle line-narrowing effects resultmg from the
imprisonmerit of optical resenance radiation have been detected by using double-
resonance tecliniques: Experimental investigations to detérmine the relative importance;
on the one hand, of interatomic coupling caused by the radiation field, and on the other
hand, of the degree of coherence of the light in an absorbing c¢ell should prove to be of
value in various investigations.

Work in both of these areas was started soiné time ago in connection with hyperfine-
structure investigations and will now bée continued for its own sake.

H. H. Stroke; L. C. Bradley HI, F. Bitter
4. The Earth' s Magnetosphere

Data obtained from satellites and space probes on the nature of the interplanetary
medium are reviving interest in laboratory experiments related to the conditions found
in Space. We propose to set up models of the earth and its surrotinding magnetic field;
and to study, first of all, the diffusion of electrons and properties of trapped charges in
the surrounding Van Allen belts. The basie condition to be satisfied is that the ratio of
the electton cyclotron radms wagw,

and therefore the required ratio a/R is
2.g ~1v (_r_)s
2 =85 (§)"
22

For the earth, we have a magnetic moment 8, 2X10 amp-meterz, R =6. 4)(10'6 meters,
and an average intensity of magnetization 1 = 76 amp/meter For the outer edge of the
Van Allen belt near the surface of the magnetosphere,

-

V = 5><1'(9'4 electron volts;
and consequently

4 .52

0. 71x10 3 -3
R " 4 9x10'

8 X107 = 1.2X10

Two spherical dipoles have been designed by Bruce Montgomery of the National Mag-
net Laboratory. The first is a superconducting coil with an iron core having a mag-

netic moment 820 amp»pm»z and a diameter of 2". The second is a water-cooled solenoid
with an iron core having a magnétic moment 14, 000 a:m,pemz and a diameter of 7",
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(VI. NUCLEAR MAGNETIC RESONANCEY)

requiring 500 kw for its operation. The values of a/R for these dipoles at points distant

10 R from their centersis 3=4 X 10"2 NV . These wotld seem tobe adequate models for
a convenient range of electron energies. The field of these dipoles at a d nce 10 R,
or 10" and 35", respectively, would be 20-50 gauss. It would be feasible to
immerse ti in very large coils that produce fields of this order of m udeé to sims<
ulate the g d bounding that of the earth, if it should become desirable
for other I nes of investigation.

A further requirerient of such a4 model would be that the pressure be made low enough
so that electronic mean~free paths would be at least of the order of meters. T i

cates operation at pressuies below 1 micron, or with an atom density below ;1‘20\"13 per
cubie centimeter: Insofar as pumping or the production of localized discharges to gen-
erate ions and electrons are cohcerted, this offers no difficulty.

The minimum electron densities required for conveniént obServations by means of

Langmuir probes are of the order of 1()9 per cubic eeér
would appear to

imeter. This is ina range that
Jbe of 1nte e'st rand practically achievable, at least locally in a large tank.
‘erhaps 1ts m@st crltlcal aspect Othef approaches

¢ gas discharges, which

The fheory of |
F. Waym uth 17 Obser

F Blttéirs H. H. Stroke

References

I. J. F. Waymouth, Perturbation of a Plasma by a Probe, Technical Report 406,

Résearch Laboratory of Electronics, M.I.T., Decembér 26, 1962.

A. HYPERFINE STRUCTURE AND ISOTOPE SHIFTS IN NEUTRON-DEFICIENT
MERCURY ISOTOPES

Production techniques are now under study for the purpeses of gbtaining Hg 193 and

g193 free of H’g195 and Hg195 to permit a verification of the preliminary assignment,
) = 13/2 and u (Hg'7%*) »

I(Hgl93* b (Hg 195%

), and to obtain the Hg193 spectrum. 1 ‘These
results refer solely to the 2537 A resonance line.
194

The spectrum of Hg has been observed over a period of almost one year, in the

hope that by comparing its intensity with that of stable Hgl%

» which was produced
simultaneously inthe bombardment, we may be able to determineitshalflife. Atpresent
we are investigating the influence of self-absorption and cleanup on such a determination.
We have also obtained a corrected value for the Hg194 196
2537 A line (0. 280+ 0, 015) cm’ -1,

nearly equal to unity-‘z

isotope shift in the
The result is that y(195) and ¥ (195%) are even more

‘W. J. Tomlinson III, H. H. Stroke

QPR No. 68 21



(VIl. NUCLEAR MAGNETIC RESONANCE)

References
1. W. J. Tomlinson III and H. H: Stroke, Hyperfine structure and isotope shifts

in Bg'7%, Hg'?%, Bg'", and Hg!9%*, Quarterly Progress Report No. 66, Research

, g nd ] ¥, Quarter] :
Laboratory of Electronics, M.IL.T., July 15, 1962, pp. 18<I9.
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VIIi. MICROWAVE ELECTRONICS®

Prof. L. D. Srmullin R. J. Briggs A, P, Porter
Prof. H. A. Haus P. A. Mandiés A, J. Schneider
Prof. A: Bers R. S. Smith

RESEARCH OBJECTIVES

‘Our group i§ ¢concerned with theoretical and experimental studies of high-perveance
electron beams suitable for interaction with microwave fields.:

Experimeénts on the interaction of & high- dens1ty hollow electron beam with fields of
klystron-type cavit S héave been carried oiit in our laboratory (several reports on this
work have appeared in the Quarterly Progress Report) These éxperinients are being
continued and correlated with the theory of gap interaction in such beams. The theory
‘of wave propagation and excitation of €lectron-beéam waveguides is also continuing.

L. D. Smullin, H. A. Haus,; A. Bers

Th1s work is. supported in part by Purchase Order DDL B-00368 with Lincoln
Laboratory, a center for research operated by Massachusetts Institute of Technology
with the joint support of the U.S, Army, Navy, and Air Force under Air Force Contract
AF19(604)-7400.,
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IX. MOLECULAR BEAMS

Prof. J. R. Zacharias R. S. Badessa W. D. Johnston, Jr.
Prof. J. G. King V. J. Bates S. G Kukolich
Prof. €. L. Searle B. Brabson F ‘O'Brien
Dr. G. W. Stioke R. Golub C. O ‘Thornburg; Jr.

G. L. Guttrick

RESEARCH OBJECTIVES
Three kinds of research afe pursued ih the molecular beams group:
1. High-precision studiés of atomic and molecular radiofréquency spectra, an
example being the study of the rotational spectrum of HF.

2. The development and 1ntercompanson of atomic frequency standards. The CS
electric resonance studies and the ammonia moleculé decelérator are examples. Work
is also being done to determine the system properties of a cesium beam tube, and to
develop complementary electronics to realize its latent frequency stabil ‘Thése riew
tlocks and others of different types will be mtercompared by using thie M. I. T. computer
facilities ini order to check for possible variations in rate with epoch.

3. Experiments that apply parts of these techniques to intéresting problems in any
area of physies, as in the following list:

(a) The measurement of the velocity of light in terms of atomic standards,
(b) the search for a charge carried by molecules,
(¢) an experiment on an aspect of continuous ¢Feation.
These problems are well advanced:. In an earlier phase are the following experiments:
{d) the veloecity distribution of He atoms from liquid He,
(e) experiments with slow electrons (107° ev).
J. R. Zacharias, J:. G:. King, C. L. Searle

A. STARK EFFECT AND HYPERFINE STRUCTURE OF HYDROGEN FLUORIDE

The nuclear hyperfi,r,»u::str‘ucture constants and the electric dipole moment of hydro~-

gen fluoride, H " 19

measured in a molecular beam electric resonance experiment. The hfs constants are

» in the ground vibration and first excited rotation state have been

CF = 307.6 £ 1.5 ke

cp = =70. 6+ 1.3 ke

2
Eogoh Znm
2 R _57.6% .44 ke,
h<r3>

The apparatus was calibrated by observing Stark transitions in the ground

vibration and first excited rotation state of carbonyl sulfide, 016CIZS32, and the

wije

results were:

Focs

= 2.554 + ,0037 or FHF = 1.8195 % ,0026 debye
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(IX. MOLECULAR BEAMS)

An gbsolute measurement of the OCS electric dipole moment gave

A digitally computed solution of the Stark effect with magnetic hyperfine structure
Was necessary to interpret the data. The theory and eéxperiment ate in good agreement
ovet the range of electric field stiefigths used in the experimeént.

The hfs constants are in excellent agreement with the averaged absolute values of
these constants as measured ini a molecula? beam magnetic resonance experiment. !
‘The agreement has significance because of discrepancies betwéen the résults of the two
resonance methods, for some other molecules, in previous experiments.

R. Weiss

References

I, M. R. Baker; M. Nelson; J. A: Leavitt, and N. F. Ramsey, Phys. Rev. 121,
807(1961)- -



B. €S MASER

The rotational transition (J = 1=0) of €S should provide a more precise molecular
frequency standard than other molecular resonances currently used. This transition
g¢eurs hnear 50 kme.

) The prinéipal advantage of using CS; rather than NH or others; is that C and
.S both have Zero nucléear moments $6 there is no spin-$pin or spih-rotational inter-
action.

The perratient dipole momeiit of CS is rather large (2 debye); so small rf fields
are necessaly to cause transitions; and small static fields are neéded to deflect the
beam. The physical construction of the broposed maser would be similar to the orig-
inal "m sjgr"z except that a two-pole deflecting field (state selector) and a two-cavity
rf ,sy‘s’:tem3 will be used.

The average lifétime is approximately 30 minutes in an enclosed vessel at room
temperature, * so the CS must be produced as it is used. Sufficient quantities of CS
for a molecular-beam experiment have been produced in our laboratory by dissociatien
of CS, in electrical discharge, and on a hot tungsten wire (2000°C). The resulting vapor
is passed through a trap at =100*C, and thus the €S, is removed, leaving CS.

S. G. Kukolich

References
1. K. Shimeda, J. Phys. Sec. Japan 12, 1006 (1957).
2. J. P. Gordon, H. J. Zeiger, and C. H. Townes, Phys. Rev. 95, 282 (1954).
3. 8. G. Kukolich, Measurements of the 1+l Inversion Freéequency of NH3 and Exper-

iments with a Two-Cavity Maser, S. B, Thesis, Department of Physics, M.L T.,
May 19, 1962.

4. R. C. Mockler and G. R. Bird, Phys. Rev. 98, 1837 (1955).
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(IX. MOLECULAR BEAMS)

C. AMMONIA DECELERATION EXPERIMENT

One method of increasing the interaction time of free molecular systems and
electromagnetic fields would be to deal with molecules of slow velocity. A lin-
egar decelerator designed to provide slow tolecules with an intensity that i§
increased over that predicted by the Boltzmann distribution has been desceribed
by Zacharias and King: !

The trajectories of ammonia molecules in that device have now been ana-
lyzed. We have concluded that the focusing of the last stage was too strong.
it is estimated that the transmission of the first 24 stages is greater than
~(1/25), while the transmission of the last stage is ~ 1073,  These estimates
make no allowance for possible misalignment of the plates.

Plates with zero focusing have been designed, and the dynamic character-
istics of an array of 15 such stages have been studied by using a computer.
The duty cycle and bunching characteristics of these stages are not as satis-
factory as the parallel plates, but the over-all transmission of the two systems
is comparable.

Work is being done, at present, along three lines:

(a) An attempt to improve the characteristics of the nonfocusing plates by consid-
ering voltage waveforms other than square waves applied to the plates;

(b) Experiment with a hybrid system consisting of 24 parallel-plate stages and
a nonfocusing last stage; and

{e¢) Consideration of an experiment to demonstrate the principle of deceleration in
a limited number (2 or 3) of stages.

R. Golub, B. Brabson

References
1. J. R. Zacharias and J. G. King, Linear decelerator for molecules, Quarterly

Pxéogx;ess Report, Research Laboratory of Electronics, M.I. T., January 15, 1958,
pp. 56-57.
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{IX. MOLECULAR BEAMS)
D. He, AND He, BEAMS

Initial study has been undertaken on the feasibility of producing and detecting beams
of atoms evaporated from the surface of liquid He _and He at low temperatures It is
proposed that an *Omegatron® type of radlofrequency mass spectometer be employed
as a detector, and sich a device has been assembled and operated dutring the past
quarter. A usable sensitivity of ~ 1 ma of ion currént per mm Hg for He has been
obtained, at a ‘background presdsure of 10 =7 mm Hg in an oil d1ffus1on-pumped system.

It is anticipated that this sehsitivity is sufficient to permit anhalysis of beain velocity
gpectra, and it is hoped that information regarding phenomena in liquid He3\ and He 4
may be gained thereby.

A W. D. Johnston, Jr.

References

1, Cf. D. Alpért and R. S. Buritz; J. Appl. Phys. 2—5-’ 202 (1954).

E. MEASUREMENT OF THE VEOLCITY OF LIGHT
During the past quarter, all functions of the velocity of light apparatus, electrical,

optical, mechanical, for the first time operated simultaneously. The schematic diagram
of the apparatus is shown in Fig. IX-1. The figure emphasizes the electronics system
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{IX. MOLECULAR BEAMS)

because weé have already given detailed description of the optical gystern and the
hydraulic drive in previous reports. The system measures the relative phase of the
cavity in order to achieve as precise a measurement of A _ as possible. The signals
derived from the microwave and optical systems will be recorded on an FM tape
récorder to facilitate data reduction.

We have previously reported that the :e'ylvi.i:xdrigzail quartz cavity has been optically
polished so that its diameter has a preécision '%’fo’f approximately 3 X :1'0""6;
the basic équation

{1)

which relates the free-space wavelength xf to the guide wavelength ,xgr,‘ and
from the equation )

e = Ay {2)

we find that, for the cavity diameéter; D = 161.1 mm, and the guide wavelength,
x,,g, % 33.88 min, used, we have

3)

and

'c— 16 D (4)

(5)

and

(6)

In other words, if no diameter corrections at all are made, then the apparatus should

yield the value of C within a few parts in 1-07. provided that \g can be measured to.
within a few parts in 107 or approximately 1/100 fringe.

G. W, Stroke, M. A. Yaffee, C. L. Searle,

V. J. Bates, A. T. Funkhouser
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RESEARCH OBJECTIVES AND SUMMARY

The research areas of this group may be subdivided as follows:
1. The detection and measirement of thé radio radiation from extratertestrial
sources; principally at short centimeter and millimeter wavelengths.

2. The application of microwave radiometric techniques to the study of the physical
structure of planetary atmospheres, especially the eéarth's. atmosphere.

3. The use of a laser to probe the earth's atmosphereé by mearnis of an optical radar,
utilizing back scatter from aerosols and fmolecules.

4. A study of very wide base-liné interferometry for radio astronomical measures-
ments.

'I‘h.xs proegram of research requ1res the development of new techmques in several

‘ductmn of the ihtérference pattern

In all areas of endeavor listed here, experimental and/or theoretical research and
development is under way. During the past year, work has been concentrated in items
(1) and (2); items (3) and (4) have récently been initiated. Theoretical studies of the
terrestrial H O line at X = 1.35 ¢m, and of the microwave spectrum of Venus have been

completed. Radlometers operating at K=band, V=band, and E-band have been designed
and partially constructed, and preliminary measurements at K-band have been carried
out. A l0-ft precision paraboliec antenna has been installed on the roof of the Laboratory
and is being fitted with a digital control system to allow accurate pointing in celestial
coordinates. This facility will be used for lunar and solar research at millimeter wave=
lengths.

A. H. Barrett, J. W. Grahain

A. K-BAND RADIOMETRY

A mierowave radiometer operating at 25.5 kmc (A=1.25 cm) has been censtructed
and installed in Lincoln Laboratory's 28~ft precision parabolic antenna. The purpose

* This work is supported in part by the National Aeronautics and Space Administration
{Contract NaSr-101, Grant NsG-250-62, Grant NsG-264-62); and in part by the U.S. Navy
(Office of Naval Research) under Contract Nonr- 3943(02)-Task 2. '

QPR No. 68 35



- Wi, -—

{X: RADIO ASTRONOMY)

of this experiment is twofold:

{i} to provide operational tests of a complete radiometer before it is incorporated
into a muiltichaninel system; and

{ii) to observe Venus during the 1962 inferier eonjunction:

‘The fréquency was chésen to be compatible with the present antenna feed
horn, and t6 be as near as possible to one of the frequencies of the radiom-
eters aboard the Mariner R-2 Venus spacecraff. Furthermore, by meadns of a
frequency diplexer, measurements areé planned simaltaneously at 35 kme (A=0.8 mm)
with a coinmon antenna feed used. The 35<kme radiometer has beéen constructed
by Lincoln Laboratory personnel. The K-band ground-based measurements. are
of value because there are no existing rneasurements of Venusian radiation at
this wavelength:

A block diagram of the radiometer is shown in Fig: X-1. THe system is a convens
tional Dicke superheterodyne radiometer émploying noise balancing in the antenna input
arm. The feriite switch opérates at 94 ¢ps and the bandwidth of the system is 8 me; as
ier. Preliminary tests of the equipment installed on

determined by the 30 me if ampl
the anterina give an rms temperature fluctuation of approximately 1.2°K with a 5-second
integration time.:

A multichannel version of this receiver is being built which will incorporate several
channel-dropping filters, similar to the diplexer used for frequency separation in

> NOISE.
S BALANCE

35 KMC

FERRITE
SWITCH.

one |

CALIBRATION
SIGNAL

FLoCAL oscILLATOR |

> BALANCED [+
1 MIXER |

| REFERENCE | sYNCHRONOUS
| GENERATOR [ ™| DETECTOR

| RECORDER |

Fig. X-1. K-band radiometer.
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Fig. X-1. It is planned to cover the frequency range 18=35 kmc with this arrange=
ment. In addition, a digital synchironous detector for improved long<terin stability hag
been designed and is being tested. The data output will be fed to a tape punch to allow
automatic data processing. The completed system will be used for detailed studies of
planetary atiospheres.

D. H. Staelin

B. SOLID-STATE LOCAL OSCILLATORS

Two solid-state local oscillators are under development. One will be built t6 pro=
duce 1 mw at 60,152 mc, and the other will produce 2 mw at several frequenciés near
22,000 mc (for water-vapor line studies). At present, Work is just beginming on the
design and synthésis of both chains, and only preliminary design data are available.

VARAETOR

i ‘D“(— e

INPUT MATCHING
N

VARACTOR

Fig. X-2. Improved doubler circuit.

FROM TRANSISTOR
DBRIVER
119,435 MC

J— 208,87 MC e 477.74MC e 955.48MC —— 1910.96 MC
- i 1-1.5w '

| x2

61,150,722 MC [ — 7 30,575,36 MC "=} 15,287 .68 MC [ 7643.84 MC [ 1 3821.92 MC
O———a———1 X2 —————— X2 P x2 ——— x2

1/2- 1 MW 10~ 20 MW 30 50 MW C 100-250MW 200.- 500 MW

Fig, X~3. 60-Ge chain with expected power levels.
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The chain for 60 Gé will be composed of nine doublers starting from 119.435 me.
Designs have been firmed for the first four stages and the last stage. A typical eireuit
for oiie of the first four stages is shown in Fig. X«2. This particular circuit is a defi-
nite improvement over previous two-diode balanced circuits because it allows the output
inductafice to be four tirnés larger, and thus facilitatés the use of "lumped" €ircuits at
fréquencies in eéxcess of 1 Ge. The over=all block diagram is shown in Fig. X-3.

At present, the K<band chain is planned as a string of four doublers to 2200 mc with
an output power of 500 mw nominal, followed by a times-ten stage direct to 22 Ge with
2 mw expected output. Considerable attenition will have to be paid to spurious signals;
and heéavy filtering will probably be necessary.

R. P. Rafuse

RADIATION FIELDS

An exarination of the reélation between the Sourceé-current distribution and the fars=
zone eléctromagnetic field radiated by the current distribution has been thade. It has
beeti demonstrated that the curl of the current distribution uniquely determines the far-
zone fields, Specifically, it has been shown that V XJ, where J is the current distribus=
tion, and the far-zone magnetic field is a three-dimensional, vector, Fourier-transform
pair. In the far zone, the magnetic and electric fields uniquely determine oné another
so that V XJ also determines the electric field; in fact, V XV XT and the far-zone
electric field have been shown to be a Fourier-iransforin pair. The transforin variables
are position P in the radiating current distribution, and direction cosines U of the field
point measured with respect to a right~-hand coordinate system with origin in the radi-
ating body. A proof of the statement that ¥ XJ determines the magnetic field follows,

The expreS‘sionl for the magnetic field produced by a current distribution is

H(T,\) =% SV 3 x(Va) av, )
where ’V
. 2%

Using the vector identity 3 X V¢ = (Y XJ)p -~V X (Jp), we can rewrite Eq, 1 as
BN =g | @Me av - (v o, (2)
YV YV

The second volume integral can be converted to a surface integral by making use of the
known formuia

QPR No. 68 38



{X. RADIO ASTRONOMY)

S V XA dv = S XA da,
vV vS

Where n is the outward directed normal to the surface 'S bounding the voluine V. Equa-

tion 2 then becomes
BEA =g | VxTe ov =g axT9) aa. )
Sy Js

If the surface S is taken exterior to the current distribiition so that J is identically zero
on S the surface integral vanishes, and Eq. 3 reduces to

HEA) =7 Sv (V XT) ¢ av. “4)

Equation 4 is true in all space exterior to the current distribution. We specialize to

the fa¥ zone and Eq. 4 becomes

21'rp ! ' B
S [V xJ(p,x)] exp( == ) dg; (5)

—‘:‘

is distance to the field point, U i§ a unit vector in the direction of the field

pomt and dp = dv; this is clearly a Fourier integral. In the limit \ = thé radiation

=0, as it must, since S V XJ dv = S fixJ da= 0 when S is taken exterior
\ vg

Equation 5 ¢an be uniquely inverted only if the domain of direction cosines
is taken to be infinite. Physically T is constrained to the unit sphere, {u| =
by the requirement that observation angles be real. It ¢an be shown that inver-
sion of Eq. 5, subject to the unit-sphere constraint yields V XJ convolved with
the function (1/M)>[(sin 2n||B]| /M)/(2n||Bl| /A)].  Hence the physically observable, far-
zone magnetic (or veléctric) field determines a smoothed version of V X7.
J. R. Cuminings

References

1. J. A. Stratton, Electrom_a_.gnenc Theory (McGraw=-Hill Book Company, In¢c.,
New York, 1941), p. 466.
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RESEARCH OBJECTIVES

~ In phiysical acoustics the problems involved concers the emission; propagation; and
absorption of sound and vibrations in matter. Specific problems include relaxation
phenomena in gases and solids, problems in hohlinedr acoustics; and the interaction
of sound and turbulence:

In plasma physics our present main interest is in the area of ingtabilities in plasmas
and liquid conductor's; and of wave propagation in plasmas.

A: INSTABILITY OF LIQUID CONDUCTORS IN A MAGNETIC FIELD

The study of instability of liquid conductors in a magnetic field has been conducted
with an analysis of the experimental results obtained earlier. Some of these results
have been mentionied briefly i a previous progress feport.l The rate of change of the

extreme diameter in a pinich ingtability has been evaluated as a function of the wave=
length of the perturbation on the stream for several different values of the current
through the stream.

Similarly; the rate of growth of the spiral diameter in an m = 1 type of instability

in a longitudinal magnetic field has been determined. This last rate is found empiris

cally to be well described by the expression

8 = c (1B/pd) /2 gec™!,

where 1 is the current through the stream, B the longitudinal magnetic field, p the den-
sity, and d the diameter of the liquid conductor. The dimensionless constant C is. 4.5.
A more detailed account of this investigation will appear in the December issue of
The Physics of Fluids.

U. Ingard, D. S. Wiley

References

1. D. S. Wiley and U. Ingard, Bifurcation instability of a liquid conductor in an
axial magnetic field, Quarterly Progress Report No. 63, Research Laboratory of Elec-
tromcs. M- I.T. ’ October 151 19610 P. 133-

Th1s work was supported in part by the U.S. Navy (Office of Naval Research) under
Contract Nonr-1841(42).
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The analysis of the influénce of turbulence on sound propagated over a plane boundary
has been completéd. 'The new analysis of the problem differs from that presented in
Quarterly Progréss Report No. 55 (pages 141-149) ih two respects. First, both ampli-
tude and phase fluctiuations have been inc¢luded in the calculations; and, second, the
amplitude and phase fluctiiations are assumed to be normally distributed. The experi-
mental results discussed inh Quarterly Progress Report No. 66 (pages 69-70) have been

f =500 CPS
h=4 FEET o MARCH 25, 1962
¢ APRIL 8, 1962

V§-'“ i "'7“" e e e "" - ”"‘f”l[:_' A ’f_.;l o fl S N
8 10 50 100 500

DISTANCE FROM SQURCE (FT)

RELATIVE SOUND PRESSURE LEVEL (DB)

Fig. XI-1. Mean-square sound-pressure level in a turbulent atmosphere
over a plane reflecting boundary as a function of distance from
the source (frequency, 500 cps). Dashed curve refers to the
caleulated distribution in a homogeneous atmosphere; solid
curve, the calculated distribution for a turbulent atmosphere.

analyzed in detail, and the fractional standard deviation of the mean-square pressure
fluctuations (Std. Dev.,/pf;ms) has been calculated as a function of distance from the
source, and compared with the analysis that follows.

If it is assumed that both the amplitude fluctuations (a) and phase fluctuations (§)

are normally distributed, with variance given by

o = 62> =—“]zE pg(jkox):(‘k oL (1 $ VX #4h"

<(n( ‘1:+,a‘)“)2> = —’J'z': Mi?(lsox):(koh).,.
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Fig.XI-3. Mean-square sound-pressure level in a turbulent atmosphere over a plane
reflecting boundary as a function of distance from the source (frequency, 2000
cps). Dashed curve refers to the calculated distribution in a homogeneous at-
meosphere;solid curve, the calculated distribution for a turbulent atmosphere.
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L5~ 21000 ¢PS

1% y
! ,’ ,
greY i

FRACTIONAL STANDARD DEVIATION

Fig. XI-4. Measured and calculated fluctuations of the sound-pressiire
amplitude a8 a function of distanee from the source.

then it can be shown that the mean=square sound=pressure level as a function of digtance

from the source is given approximately by

im— p P . 2 F
mv.=<p">=k11;,.(<az> +E (1= + (14 cosp e /2)),

——

and the variance of the fluctuations in mean-square pressure, V =< (P2)2'> - <*('pz‘)>ap

may be approximated as

o —el - el
Veg+2a?)1-e" J1-e™" cos2p ) + 227> (1+cosp e /7).

If the value of the parameter u_f)L is chosen so that the calculated value of m is in good
agreement with experiment at 500 cps, and x = 28,5 ft, the correlation at other fre-
quencies and at other distances is as illustrated in Figs. XI-1, XI-2, and XI-3. The
dashed curves are the calculated sound pressures for a quiescent atmosphere. Plots

of NV/m vs distance are presented in Fig. XI-4. The sharply peaked curves were cal-
culated under the assumption that amplitude fluctuations could be neglected. It is seen
that somewhat better agreement with experiment can be obtained if the effect of ampli-

tude fluctuations is included.
U. Ingard, G. C. Maling, Jr.
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C. STABILITY OF PARALLEL FLOWS
1. Intrediuction

If (0, 0, W(x,)) is a parallel flow solution for the Navier-Stokes equations .and
.(ulf’(fi,»@z)‘j uz‘('f, 0); Wiz 1,)‘~ ¥ fu'3"(1'i, 0)) represents an infinitesimally disturbed flow condi-
tion at t =0, then the disturbed system will evolve according to
:a:'ﬁ1 op dW

dwp o <
i = WPy - Weh -5 = 8,

i -a?'tx“ axllj 13 @, (1a)

(1b)

with nonlinear terms neglected.
Taking the divergence of (13), and using (1b), we find that

. (1)

so that, with proper boundary condltlons, P can be expressed in terms of the u, and
eliminated from (la). In fact, taking V in the first of Eqs. la and substituting V‘
from (le); we have

%Vz-ul = vv‘4'u -W —;{— Vzu1 + - d VZV ax . (2)
T i "3 dx 3
We have used the fact that W is, at most, quadratic in x X

The case u,(X,t) = e)‘gui(’x)v has been studied extensively,! since for this case the sta-
bility analysis reduces to the (difficult) problem of discovering whether (2) has solutions
for u, with Re (\) # 0. For many cases of interest, however, there exist no solutions,
or only a restricted class of solutions of this simple type, so that the results under such
an assumption are not entirely conclusive. We shall discuss a weak instability, not of
exponential type, which is common to all inviscid parallel flows.

2., A Weak Ingtability

The equations of motion (1) and (2) are homogenecus in x;, so that the u; will remain

QPR No. 68 45



P TN . AN e

{X1. PHYSICAL ACOUSTICS)

independént. of X, if they are soat t =0, We congider, first; the case v =0, for which

{1) becomes

duy Bp
— e (3a)

Ea fa_x-z- b)
. dW(xl,xz) N dW(xl.xz)
- dx 1 .dx

u, (3¢)

3 ) ¥ u, o
o x i i} X,
in which we now permit W to depend on x,, as well as on x;. We suppose that the flow
is contained by a boundary b(x i x;z-l?):, so that the component of u normal to B must vanish
aleng B. '

According to (3); 8° p/a x + 9 p/a x =0, and the normal derivative of p vanishes
at B, The only harmonic functlon satlsfymg the boundary conditions (and fihite every=
where, if B is not closed) is p = constant. According to (3a) and (3b), then, u u, and u,
are time-independent. Equation 3¢ can be immediately integrated to give '

Uy, t) = uy(X, 0) = [dA (%) +E-x—u2(’)] (4)

common to al_l mhomogeneous lnv;scld parallel flows- The mstabl.hty arises from a
mixing of parallel streamlines of varied flow strengths by a weak persistent conveective
motion. .

We should expect that in an exact analysis u, should grow at first according to (4),
and then flatten out or turn back when uj « ‘W ceages to-be valid. We can indeed con-
struct exact solutions of the Navier-Stokes equations which exhibit this behavior. In
an exact analysis (4) becomes

i T SO S \
9t - 179 X, 2 a'xz -9 i’;l

5 i=1,2 (5a)

=
o
=}
ol @
=3
-
n
(=]

ot
oe]
i
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'au ! 9 1 !
—Z e =, =t me— W, - !
ot [ 1 dx:1 2 8%; 3] ¢ (5b) |

u,(%, £=0) = Wix;, %,

Equations 5a aFe the two-dimensional Navier-Stokes equations, which adimit of time-
statiohary vertical motions f'(nl‘(i),. uZ(:‘E)) Equation 5b simply expresses the continuity
of u,(x 31535{:;2) in the two-dimensional convective field g u,). For small t; uy clearly
evolves according to (4).

The second case; v+0, is less transparent, and we consider only plane parallel flow
between parallel plates at x = (7). Egquation 2 in this case redaces to

at \% uy wW uy

{6)
ﬁul o
a‘l(ﬂ)

I

ui'(f ) = 0.

Equation 6 can algo be written
4. =2
Ei W= VV w
wixm) = (&) (3}
dw,, ., _df,. .

where f = f(x;%,1), and V%1 = 0, so that u; = w = f clearly satisfies (1). We expand

e ( [ > O {o)
u, = S S i (x k. .).\(‘Q')) exp(»x(o)t:) exp(ik,x,) dx(°)dk; » ete., so that (2) becomes
17 Jdgdo 12 . ‘ Py 2 2

; 2
'X('Q’)W =V ( d 5~ k§> &
\dx;

W) = Hem).

’2 ~ 3
Here, (—d—z - k§> f = 0, sothat f=a cosh kle + b sinh kz'xl,,

dX'l'

A2
With A ==—+ ké 5 we have
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dx

= BN

{8b)

Note that if Qv'x(x) is a golution of (8a) for sorie {(\,d;b), the "“v?,xf(—x;)‘ will be a solution
for (x, a, <b). It follows that the even and odd parts of ’v‘(}k separately will be solutions

for (X, a, 0) and (\, 0; b), respectively, This we ‘s‘eek“&"(‘e‘) even, and"v‘&('o')odd,v satisfying

or,

and

The conditions (9b) ensure the vanishing of the iterated term in (10),

w®iem) = a cosh k,

== .:ttkl«zla sinh kf?.w
w:(’o"):‘(,;e: ) = b sinh k™

more concisely,

L gw!®
wie) dax

(&) = £k, tanh k;®

21 dw(o) L o

With the given boundary conditions, we have

:(dzfu i D d
—Z.V = .l‘ 2
! .dxl v

(9a)

(9b)

(10)

The system is thus a regular self-adjoint one, so that the eigenfunctions of (9a) will
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be compléte for the purposes of expansion. Even solutions of (9a) have the form

wi®) = & cosh WX x,
for which A must be chosen so that :

4 g

The only solition with X = 0 is w( e) o A cosh k. 2%y for A = k In case A <0; we write
N tanh K = =p tan pv = k tanh k,m; §0 that p is ¥eal; (—p '=\): We get eigenvalues
P, with n -%< P, <h, ne 1;2..:; S0 that )‘n & —p and x(o) = -V(p +k2) The only
odd solution of (9a) with \ = 0 is w(‘)o) = A sinh :kle,» for a = kg

For \ <0, weé set A = __q{z- and write

wheré
1 ’dw?“’:).,,__ L e
(o) ={m) = q cot g = k, coth k,,
oer
q
tan g = -1-:; tanh k
2

We get eigenvalues 9, with n < q, <D +5

‘Nl,v—a

nz1,2..., (g = 0is spurious). Thus we
have solutions

€os P X, cosh k,%,

_(e) xer @ _ (2.2

by SRk,

(13)
sinq %, sinh k,x,

u(le)(xlkzqn)oc

- , y (o) _ _ ( 2,.2
“Simqr  smh k7 Moo= Pt

Finally, if u 1(x 17 %pe 0). is any perturbation that is continuous and piecewise smooth in

X and Xy satisfies the boundary conditions on x 1’ and € L 1(X2) we obtain
3 hk,x,
_ (€) comswpnxl - cosioX) |
("1"2“ S‘ Z exp[v Pn +k ] (p kZ) cosp L coshk T exp(1k2 2) dk
p (k ) - s

si inh k., x
(2 4o singnx, sinhk,x,} .
S Z e"p["(q *k ] (@, kz)[smq ™ " Sihk,T + explik,x, ) dk,.

(k)
%2 (14a)
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Here,
:,‘ w
S oo S u; (xlx?_.o) €08 ; ;.'xa dx, 1
W k) s | expleikyx,) ST — dx
Py Ko f‘__w Pimiko%e 7 sin Zp w 2
i cos p, wlw e ——0 ;[
A an j
c" (14b)
( ) o - ﬁ S_vu(xl.xz, 0) sin q -x- dx
1 (ko) =on T J_, expl-ik,X,) — - / sin Zq "dx‘,z‘

‘This expansion is of a type that is well known from the theory of heat conduction, and is

shown o converge uniformly for all Xy ahd t = t (1: >0) and thus to satisfy the bound-
ary conditions for all ¢+ >, and to converge to the series expatnsion for i, (x 0) for
t = 0. Thi§ solution is unigué iinder the given conditions.

If uylx,,%,, 0) is takern to be periodic in x, instead of being € L. '(X )s the solution
ibove remaing vahd if we replace the integrals in (14a) by summatlons on k and the

symbols —S\ in (14b) by 53 2L g .

To. complete the problem, we compute u,. Acecording to (la),

du

31?= vvzu3 - W'ul £ 0, (15)
where W! _%V_V- d (V +V x+V 5% )
dx,
Equatio‘n 15 is the inhemogeneous heat equé.’tion in two dimensiong. If uy a.nd ul are

f.ormly convergent series expansion

“3‘('-”‘1""2'” = z exp <-V[k§ +‘(n +%)2] t) cos (n+%) Xy
et \ L y
e
2

r|:

S: exP( [k +(n+2)2} > gk ns): dS} eik?’xz

+ Z exp.“’!v[kgi-nz ]t) sin nx,

k,,n
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(16a)

;1':k12 ‘x’2

v o ¥ OF o GE ”r" .;l[":\‘ 7 - 357 .
- u'3-:(x11"'x,2!‘0') cOS l<n+ 2) X, e dxldxz\

S—-’-rr u3l(\x 1 X2 0) sin nx i€ dx ldx

and gk (s) corresponds to sz Wwith W'ul(x1 P Xy, sy replacing 1‘1‘3‘(5{1, Xy 0) in (l6b).
There are clearly no true instabilities for v # 0; however, certain of the inhomoge-
neous terms in (lba) attain large values for finite times before decaying exponeritially
as t = . Substituting U (g Ko §) from (14a) in (16a), we find terms of the typical
magnitude ‘
exp(v (k5 )t) S exp(v (n2=pZ)s) ds uy(po KyMe, V) +e,2V,) sin nx, e e,
{17y
where ¢ and ¢, are constants arising from the integrations in (16a), which are of the
order of umty for m ® n, except where they vanish by symmetry. For n = m, the argu-

ment ( "—p ) is always positive, so that

Choosing n = 1 and suppressing the spatial dependence in (17), we get the estimate
u, = t exp(-v (kG+1)t) Vu,(0) (18;

Asv = 0, thé estimate (18) approaches the form of (4), the selution for v = 0.
Equation 18 attains a maximum for t —(-1—.-., so that
1+k )

Vv R :
ug ® WA z-—zu (0), (19)
max v 1+k2>,

showing that after a finite time the initial perturbation in u, appears as aterm in u
2

is amplified by a factor of the order of the Reynolds number R =1V,
" H, L. Willke, Jr.

3and
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XH. NOISE IN ELECTRON DEVICES

Prof. H. A. Haus ' Prof. R. P. Rafuse
Prof. P. L. Penfield, Jr. W. D. Rummler

RESEARCH OBJECTIVES

‘The research on noise in electron devices has two objectives:

{i) The study of spec1flc devices; Such as the parametric amphﬁer and the maser;
to6 determine the physic: sources of noise and the limitations they impose on the noise
performance of the amp! 2

The parametric amplifier with coherent input signals at both the signal and idler
frequency; and the deégenerate parametric amplifier are the impetus for the sécond
@bJectlve

palr amphﬁer excited ¥ a multi mmai pa1r séurc-e is at bresént under study' for the
purpose of devoloping an analogous measure for the optimum noise perfermance of
suech an amplifier.

H. A. Haus, P. Penfield, Jr.; R. P. Rafiise

of ‘s’lg:nale'te =noise ratlo wmgvh can be tha;med, -f@r a s_,pec_v:lafled value of exchangeable
sighal power at a single -6utput terminal pair by imbeddihg afi n-terininal pair source
and an m-terminal pair amplifier in an n + m + 1 terminal pair lossless network are

governed by two coupled matrix equations - Egs. 1 and 2.

EnaEIme +2MZ, +zT) X, = 0 (1)
ESEZxl + pn[EnEn'+?.MZ+zaf)]x1 =0 (2)

By a simpler derivation, it has been established that Eqs. 1 and 2 are valid regardless
of the nature of the matrices characterizing the_source and amplifier networks; how-
ever, for simplicity we shall assume here that E E is positive definite, Z + ZT is
positive definite, and Z + ZT is indefinite, i

‘Components of the vect_or,s %, and x, may be interpreted as complex voltage ratios.
For instance, with all voltage sources in the source and amplifier short-c¢ircuited

ThlS work was supported in part by Purchase Order DDIL, B-00368 with Lincoln
Laboratory, a center for research operated by Massachusetts Institute of Technology
with the joint support of the U. S. Army, Navy, and Air Force under Air Force Contract
AF19(604)~7400,
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except the source representedby E_ , which is the open-circuit signal voltage at the
first terminal pair of the source network, the open-eircuit voltage at the output termi-

nal paitr is XUES p» Where x; is the first component of the vector Xy Similarly, the

compohents of %, relate the open=¢irciiit noise voltage 4t the output terminal pairs to the

open=circiiit voltages of the amplifier. Imbedding the source and amplifier rietworks in
a given n + m + 1 terminal pair lossléss nétwork enables us t6 define a uniqiie pair of
vectors x; and X,. The reverse is not true; it can be shown that there are an infinite
number of lossless networks correspoending to a particular pair of vectors X, and X,

For Eq. 1 there are n eigenvalues N and eigenvectors x(zl) We may express the
‘eigenvalue Xi inh termis of its eigenvectors as

JCL e, G
X = = 4 TEnaEna. 2 . (3)

TN

For convenience later, we shall label the smallest positive eigenvalue as \ | and the
remaitiing positive eigenvalues in ascending order, and wé shall label the smallest neg-
ative eigenvalues A and the rerhaining hegative eigenvalues in descending order.
Equation 2; on the other hand, has n solutions for each of the m eigenvalues ), of
Eq. 1; this gives us a total of AXm sets of solutions to E¢s. 1 and 2. Using a
double -subseript notation for these eigénvalues and elgenvectors, we may express the

e,l.get_;vglue By J in terms of )\ and the eigenvector x1

(IJ)T

::imf W+, x‘lJ)T(z+zT) x(li')

Hlﬂ (i.)fE ET (1J) 4)

Here, we number our eigenvalues for a given \, by the order of the value of their recip-
rocals; the minimum value of l/p,i (which may be negative) is 1 /}"’il and the maximum
is l/p.1n

We would now like to relate the quantities of interest, namely the signal-
to-noise ratio at the output and the exchangeable signal power at the output,
to the eigenvalues derived from Eqs. 1 and 2. For the optimal imbedding net-
work cerresponding to a set of values \, and B;; We write the signal-to-noise
ratio as

(1J)TE ET (13)

oy = (5)
° (1J)T ’r (13) er(1)fE ET e

“na"na“2

and the exchangeable signal power as
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(H)TE ET (IJ/)
PR « )
Y Zx( ‘)T'(Z+ZT)x( )"-i- Zx(l)T (z +ZT) x(l)

1
We now see why these quaiitities do not appear directly as eigenvalues. In Eq. 3 weé sSee

that X is indeépendent of the maghnitude of x(2 )i Similarly, pij in Eq. 4 is independent of
the magmtude of x("J) ‘On the other hand, both of the quantities defined in Eds. 5 and 6
are dependént on the relative magnitude of x(l)

the consequences of this by considerihg the partlcular realization of the optimal network

and x(lJ) We can explicitly demonstrate

that places this faet in evidence.

‘Conisider an imbedding of the m-terminal pair amplifier in an arbitrary m + 1 ter=
minal pair lossless network. Weé know that we can always pick this network in such a
manher that the miean -square voltage and the real part of the impedance at the output

terminal pair are x(l) TEna n; xg) and 1/ 2 X‘féi;)“tf r( Z‘a+ ZZ) xg)', réspectively; where
xg‘)' 4, '

source network to a one-terminal pair netwwk‘ with mean-sduare signal voltage

i$ a Vector that is proportional to x Similarly, we can losslessly reduce the

3 | oureut
REDUCED AMPLIFIER NETWORK |

2 %).(2(")'f (2, + Zc‘fv)‘x?('i‘)"

Fig. XII-1. Realization of the optimal network.
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general, variation of the ratio of X5

convenient way of visualizing the effécts of varying the ratio of lx(l)l to [ (IJ

(X1I. NOISE IN ELECTRON DEVICES)

‘equlvalent to varying the ratio of Ix

or |x(1)|/ Ix‘. )

1 “'I" , we are changing the amount of our iise of the amplifier, since we are

changing the exchatigeable sighal power at the output and; thereby, also changing the

signal -to-noiseé ratio at the output. This interpretation is actually completély general

and independent of the particular imbedding network that we are using. However, in
i)

¢an correspond to soirnie complex

1%5 | to |x;Y)]
Variation of the imbedditig network because of the multiple feedback 160ps that may
exist between the source and amplifier networks. Figure XII=1; then, just gives a
i)l

We see then that sétting the ratio of 5‘:x(~2l)'fl; to x(lJ )l‘ equal to ze¥o or; e'qua.:\‘railéntly,
setting n=0 is the same as throwing away the amplifier. The values of oy and p, for
this limit are just the signal <to=noise ratio and the exchangeable power of the source
network alone. We designate these two quantities as.

TN Ry @
LT E”“T (1J)
len 8 = 't(lJ W, - : IR
260 (2427) J)
respectively,
1t follows that for a given pair of eigenvalues k and Bij we Imay vary o, ij and Py ij

by varying the ratio of the magnitudes of the gxgenvg.ctors. that is, by varying only the
transformer ratio in Fig. XII-1. Such a variation enables us to plot the stationary
values of signal-to-noise ratio as a function of the exchangeable signal power at the out-
put corresponding to this particular solution to Eqs. 1 and 2, For this purpose we need

the relation

1/01] = 1/|"'13 - )‘l/le’ 9)
which may be verified by using Eqs. 3-6. From Eq. 9 we see that it is more conven-
ient to plot characteristic curves of l/o' jjase function of l/p iy In the 1/0' Th l/p

plane these characteristic curves are straight lines with slopes -X and mtercepts
M«"’ij with the 1/o;, axis. Thus a set of eigenvalues A; and p;; m_e.rely determine a

QPR No. 68 56



(XII. NOISE IN ELECTRON DEVICES)

charaeteristie line in the 1/ LT l/le plane; moreover,; we see that for the stated

problem fliere are 1 X m sich lines.
It must be pointed out, however, that only one-half of a characteristic line is real-
izable. Comparing Eqs. 5 and 7, wé see that

=z (10)

i “ij,s
and, using Eqs. 4, 7, 8; and 10 in Eq. 9, we find that either
A >0 and l/p < 1/p.

ij, s
or 1)
A; <0 and l‘-,/"pz.“. 2 1/py; o

ig zeto; that is,

The equality signs in Eqs. 10 and 1} will hold only when {x(l)' /

the realizable one -half of the ¢haracteristie line ends at the point determmed by the

source = the point whose coordinates are l/O‘J and l/p s Hence, in the l/o-J 1/p Pyj
plane we c¢an realize only the one=half of the characterlstlc line that i§ above and to the
left of the source point for negative )v and above ahd to the Fight of the source point for
positive k We can only achieve a 51gna1 -to-no6ise ratio equal to By ij at infinite exchange-
= 0 satisfies one¢ of the inequalities of Eq i1,

able 51gna1 power if 1/p,. =
In displaying the solution to the optimjization problem in the 1 /6. <r =1 /p plane, we
shall show only those Solutions for a given X which correspend to l/p. i1’ the minimum
value of l/p. , and 1 /p. ,» the maximum value of 1 /p. We would like teo find where the
end points of these character1st1c curves lie ih the 1/ ch = l/p plane. If we consider
how these end points change as X changes, we find that they generate a closed curve.
This is illustrated in Fig. XII-2, in which several of these characteristic curves are
shown as they must appear for positive \'s and minimum 1/p;. With reference
to Fig. XII-1, when we vary A, we are changing amplifiers and then reoptimizing the

source for use with this new amplifier and thereby obtaining a new source point.

‘l/qgi

1 /p‘iir

Fig. Xli-2. Characteristic curves for A\, >0, l/pn.
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e g v = e
ez M
//VP@ 'Vi-"ip‘ ‘/P‘i‘i
, . :

Fig. Xil-3. Typical set of characteristic curves,

The closed curve generated is tangent to each of the characteristic lines. Physically,
and the reciprocal of the exchangeable sighal power that may bé obtained at the output
by imbedding only the source network, and not the amplifier, in an arbitrary lossless
imbedding network.

In Fig. XII-3 we show a typical plot of characteristic curves for a positive definite
source and an amplifier having both positive and negative eigenvalues. We have shown
only those characteristics corresponding to extremal values of 1/;&i for four values of
A\, — the two smallest positive eigenvalues and the two smallest negative eigenvalues.
(All solutiens corresponding to intermediate eigenvalues of l/ui would give rise to
characteristic curves that terminate at peints inside the source region.) All of these
characteristics may be interpreted. The line characterized by )"1 and '“:ij is the true
optimum -performance curve. It is the curve of the maximum signal-to-noise ratio as
a function of exchangeable signal power for exchangeable signal power greater than Pg:
The line characterized by \| and p, represents the worst way of increasing exchange=
able signal power with the best reduction of the amplifier. The line characterized by
A, and p,, is just a locus of points of stationary signal-to-noise ratio for fixed
exchangeable signal powers. This same statement applies to all of the curves shown.
The line characterized by A\ = and ., represents the best way of reducing the

QPR No. 68 58



~d

{XIl. NOISE IN ELECTRON DEVICES)

exchangeable signal power below Py Sinee xm is negative here, we are using the
amplifier as a positive resistor; for that matter, we are using the least noisy positive
resistor appearing in the canronic form -of thé amplifier.
W. D. Rummlér
References
1. W. D. Rummler, Optimum fioise performance of multiterminal amplifiers,

Quarterly Progress Report No. 66, Research Laboratory of Electronics, M.I. T.,
July 15, 1962, pp. 71-7T7.
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PLASMA DYNAMICS

Thls headmg covers all of the work that 1s supported 1n ,part by the Natmnal S’*‘ence

control them, and to apply them to the needs of commumcatmn, propulsmn,
power ¢onversion; and thermonuclear processes.

{The members of the Plasma Dynamics Committee are: Prof. S: C. Brown {Chairman),
Prof. D. J. Rose, Prof. A. H. Shapire, Prof. L.. D. Smullin, Prof. H. J. Zimmerman,. )

XIil. PLASMA PHYSICS®

Prof S C. Brown F. X. Crist D. T. Llewellyn=Jones
H. Fields J. < ! h
E. W. 1tzgera1d Jr. Je ligan
W. H: Gle Ji Js Nolan, Jr
E. B. G L. Rogoff
J. B Js C. : -
J. D Coccoh P.W.J g
R. L: Kronguist

RESEARCH OBJECTIVES

per¢en 132 ;on atvldw;pres.sﬁres mnder'étevé.dy “‘tate condltwns,
the achlevement of which will allow us to carry on the fundamental studies in which we
are most interested.

We are also studying ways of determining the characteristics of plasmas by means
of microwaves and infrared optics. Along with these production and dlagnostlc studies,
we are continuing measurements on the fundamental physms of loss and gain mechanisms
of electrons in p as in magnetic fields. Emphasis is also¢ being placed on the study
of microwave radiation from plasmas, with and without magnetic fields, both as a tool
for measuring the plasma temperature and thermal propertles and as a means of under-
standing more about the motion of electrons and ions in magnetic fields.

Theoretical work has been concentrated on the study of waves in plasmas and of sta-
tistical theories of the nature of a plasma.

S. C. Brown
A. LOW-FREQUENCY PLASMA WAVES

A study has been initiated into the response of plasmas.at frequencies much below

the electron plasma frequency. Our object is to establish longitudinal ion plasma waves

ThlS work was supported in part by the U.S, Atomic Energy Commission
{Contract AT(30-1) 1842); inpart by the U.S. Air Force (Electronic Systems Division)
under Contract AF19(604) 5992; and in part by the National Science Foundation (Grant
G-24073),
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in a plasia column and measure their propagation and attenuation characteristics. The
experimeérital arrangement shown in Fig. XIH-1 has been built and is at present under
test.

The fundamental idea behind the expéeriment is to produce a plasma column with cw
microwave power into the TE{;, mode of the cavity. The frequency is adjusted to the
electron~cyclotron frequerncy for resonance heating at low gas pressures. A small mod-
ulation i& then impressed on the microwave power to vary the electron heating within

. MICROWAVE CAVITY ip = 0.05TO 104
/ TE;,,, MODE

- GROUND
CYLINDER

T MOVABLERING 7%,
PICKUP

L
VACUUM } g

5-BAND POWER:  fro—m—sssmas ssctens 055 CM v e e e s g).
‘MODYLATED FROM
0270 3MC

Fig. XllI-1. Experimental apparatus.

the cavity. As the electron energy is varied, the ionization frequency should also be
modulated, and hence there will be a local modulation in the electron and ion density.
Simple caleulations of the ion plasma wave show that for frequencies of approximately

1 mec the wavelength of the ion (and electron) density perturbations can be made as small
as a few centimeters, and we should observe a definite wave propagating down the col-
umn,

The presence of the wave is particularly easy to determine by measuring the poten-
tial that is external to the plasma column at the modulation frequency. Typical data
are shown in Fig. XIII-2,

The appearance of the ac potential at the modulation frequency seems to be asso-
ciated with the flow of charges in the body of the plasma, and because of the extremely
long wavelength, it must be a flow of the hot electrons rather than the cold ions. Since
the electron plasma wave is attenuated for frequencies below wpe We Were encouraged
to re-examine these waves with particular reference to the mechanism for transport
of energy. The normal Boltzmann formulation for electron waves is solved for the per-
turbation of the distribution function away from some equilibrium distribution. Coupling
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‘AC AMPLITUBE

this result with Poisson's equation, we get the dispersion relation (assuming
Ve = 0)

g‘*’ StV (1)

o e

._‘
i)
=)o

e 1o N

The difficulties of this integral are assoeciated with the pole at v = w/k and lead to the

we get

o? = 02 + 3K (2, (2)

This steady-state dispersion, however, cannot be valid for the more complicated
boundary-value problem in which the electron energy is periodically varied at
some plane. The propagation characteristic will, in fact, depend on the partic-
ular variation of the distribution function, and also on the unperturbed distri-
bution function,
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At this point, therefore, we switch to a hydfodynamic approach that assuredly will
miss Landau damping but, on the otheér hand, will show how momentum &nd energy are
transported ifi this longitudinal wave. The derivation starts with the first four moments
of the transport equation. For simplicity, weassume thatelectronscollide withneutrals
and that it is possible to define a iocal temperatire T associdted with a Maxwellian dis-
tribution of velocities. This derivation thus differs from the Boltzmann approach, which
actually tries to solve for the local distribution.

LT A ®
I, sme T, heHgF_ ==
(5)

’(36{)

n = particles/M> v, = collisions/sec

T = particles/M? sec g = energy-loss parameter

fesl s

H = volts/M? sec = volts/M

T = volts
One can derive Eq. 2 from Egs. 3 and 4 by making an assumption about the temp-
erature variation in the longitudinal wave, that is, either assuming it to be isothermal
or adiabatic, and linearizing the equations with small perturbations of the variables. A
more complete analysis is made possible by assuming an arbitrary variation in the
temperature, and by linearizing all four equations. For small-signal analysis, we
assume that

E-H ilwt-kx) T
T= fel(wt-kx) n

T = Bellot=kx)

T_ 4 Tellot-kx)
T, + Te

n_ +n eJ(wt-kx)

1]

Now we set the collision frequency equal to zero, even though this is con-
trary to our assumption of a maintained local Maxwellian distribution. The char-
acter of the resulting waves will thus become evident, and we can add cellisional
damping later. The determinant of the linearized equations, although rather com-
plex, results in a dispersion relation that, when written in nendimensional form,
1s
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K* + (12w k2 + 2(whw?) = o, )

where W2 = w‘z,/mfg., and K2 = ‘k‘z«‘(e’T, O/Tm)“z/qg.» There are twé waves associated withEd. 7,

while wave II propagates down to zero frequency. The ratio of heat flow H to particle

flow T for these waves is

H _3Wi-1 an
TT. "2 K2 ‘ (8)

(e}

For wave II, the heat flow is zero dtw = S and the wavelength is finite. At very low
frequencies, wave I has a large wavelength and phase velocity equal to the adiabatic
electron sound velocity. This result seems to predict closer correlation with our exper-
imental results than Eq. 2.

The presence of two electPon waves is somewhat plausible, since we know that it is
physically possiblé to excite independent variatiofis in electron density and temperature
at some plane in thé plasma, and thus two waves will be needed to satisfy these boundary

AVAVE I

“u
=1 v K
TT, =

FOR WAVE |

I—% vs K’2

tlo
\ FOR WAVE I

Fig. XIII-3. Waves associated with w,
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conditions. Experimental and theoretical work is ¢ontinuing.
D. R. Whitehouse, P. W. Jameson

B. DECAMETER RADIATION FROM JUPITER

This report is & suminary of a paper that has been submitted for publication to
Nature:.

The observed correlation between solar-flare activity and intense radio bursts from
Jupiter in the 5-38 mc region has prompted several suggestions about the origins of this
radiation.) "3 With the premise that the radiocactivity is brought en by sudden eruptions
of fast solar electrons as they arrive at Jupiter, we have shown thatan existing :the‘o‘r‘y‘tdé
for maserlike amplificatio

tiof synchrotron radiationfrom electrons witha non-Maxwellian
enérgy distribution orbiting in the Jovian magnetosphere can provide a quantitative model
for the emission.

The theory predicts a narrow frequency band of amplification riear the local electron
gyrofrequency, but the inténsity predicted for the second and higher harmeonics is sialier
than that of the fundarmental by mote than four orders of magnitude:. Thus the appeararice
of a single band of radiation $hould not rule out the synchrotron mechanism, as has
been suggested. 2

G:. Bekefi, J. L. Hirshfield
(Dr. J. L. Hirshfield is in the Department of Physics, Yale University.)

Referencés
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Emission, " Princeton University Observatory Report (unpublished).
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Prof. L D Smulhn J. R. Cogdell
Profs H. L. J. Donadieu
S. A. Evans

B A Hartenbaum
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RESEARCH OBJECTIVES

1. Plasmas for Electrical Energy Convérsion

> synthesizing or désign
The research program

already present Wlth a 10 kv, 1 -amp, 100-psec pulsed beam, plasmas of 5 X 10° /cm3

dens1ty and very high electron temperatures have been produced

netron J, > ind ir ted molecular beams These tech-
mques sh ld allew us to approach 100 per cent ionization, and we sheuld begin to see
relatively higha.,te aperature ions as a result of ohmic heating. We shall have four exper-
iments running, deveted to the detailed study of various aspects of the beam-plasma

discharge.

L. D. Smullin, W. D. Getty

Electron Cyclotron Resonant Discharge. Qur preliminary experiments, using
~ 0.5 Mw of I0-cm power, have resulted in producing an intense discharge from which
2-Mev x-rays emanate. Becauge of lack of room for suitable shielding, the experiments
were temporarlly abandoned We are now rebu11d1ng our h1gh-power exper1ment in

ThlS work was supported in part by the National Science Foundation (Grant G-24073);
in part by the U, S. Navy {Office of Naval Research) under Contract Nonr-1841(78); and
in part by Purchase Order DDL. B-00368 with Lincoln Laboratoery, a center for research
operated by Massachusetts Institute of Technology with the joint support of the U.S.
Army, Navy, and Air Force under Air Force Contract AF 19(604)-7400.
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be ingtalled; and, a low-power(~ 100 kw) system is also being assembled. An analog
computer program is beiig developed for studying electron trajectories under the influ-
ence of an rf field and a mirror {nonuniform) magnetostatic field:

D. J. Rose, L. D. Smullin, G. Fiecco:

 ‘Thomison Scattering of Light from Electrons:; The first laboratory observation of
light scattering by electrons was made in the Research Laboratory of Eléctronies in

Novemiber 1962, by using a lager beam. During the coming year; we plan to develop

this technique into a useful tool for plasma diagnogtics.

G. Fiocco, E. Thompsoii

Theory of Aetive and Passive Anisotropic Waveguides. The work on this topic will
proceed along two lines: S ) '

(i) Development of small-signal energy and momentum-conservation principles that
are appl

ble to the linearized equations of anisotropic waveguides in the absence of
losss These‘ are used to obtain criteria for the stability or amplifying nature of the
waves in these systems.

G
dispers

\nalysis of specific waveguides of current interest, and determination of their
characteristies.

The dispersion characteristics may be also used to test the general eriteria obtained
from theé conservation principles.

A. Betrs, H. A. Haﬁs

tion of geometri¢ param
cierices are studied thre .

2. Highly Ionized Plasma and Fusion Research

Plasma Kinetic Theory. Methods of solving the plasma kinetic equations, including
the presence of self-generated and externally applied electromagnetic fields, are being
successfiilly developed. This work, which leads to rigoerous predictions of plasma prop-
erties, will be continued and extended.

T. H. Dupree

Charged-Particle Confinement by Nonadiabatic Motion. Injection of ions or eleec-
trons into a magnetic mirror or other corm

, g structure by spatially resonant field
perturbations is a continuing project. A 3-meter long experiment for trapping electrons

in a mirror field (200 gauss central section) is being constructed, and the theories of
initial trapping and eventual confinement time are being refined,

L. M. Lidsky, D. J. Rose

Superconducting Magnets. A large superconducting magnet (room-temperature

working space, 0.05 m3’) will be completed early this year; engineering design principles
that have been worked out for such systems have been reported, and the magnet itself
is expected to be used foi plasma-confinement experiments. Studies of field quenching,

parasitic diamagnetic current generation, and general operating behavior of the magnet
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in various field configurations will be earried 6ut. , ,
D. J: Rose

Thermonuclear-Blainket Studies, Calculations carried out over the past year on
neutron slowing down, neutron multiplication, tritium regeneération, heat transfer, and
‘€Nérgy recovery are being extended to ihclude other important effects. Principal effects
are: addition of fissionable materials, gamma transport, and coil shielding. Experi-
ments with 14 Mev neutrons from Van de Graaf D-T redctions on fusion blanket mock-up
agsemblies continue.

D. J. Rose, I. Kaplan

Cesium Plasmas. With a view to eventual electrical energy conversion from nuclear
heat and’other prime Sources, the phys1ca1 properties of the cesium plasma itself and a
number 6f experimental devices are being Studied.

E. P. Gyftopoulos

Arc Plasma Stud1es The holiow-cathode source prevmusly developed and reported

1 be used to generate plasmas in the density range 10‘ /cm3, 90-95 per cent
sd by pilse techniques, to study plasma stability in long plasma columns; and to
ebtam a "standard" for comparison of diagnostic methods.

L. M. Lidgky
A. NONLINEAR ONE-DIMENSIONAL MAGNETOHYDRODYNAMIC MONOTRON

agnétohydrodynamic (MHD) monotren

The present work involves a nonlinear anal=
The amplitude of the oscillations as litnited by the nefilineari~
txes‘ can be determmed, and; in particular, the efficiency of the device as an energy
converter can be Obt*amedv. We have beeén able to solve the problem of the nonlinear one-

'(texcl_t;.erx)a.. :under :t.he followmg as‘sumed cendltmns:- (la:): the ratio of the ,s‘pe.c;.flc heats of

Fig. XIV-1. Monotren connected to external circuit.
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the fluid is 2; (b) the flow remains supercritical throughout the entire flow field; and
{¢) the fluid is unpérturbed at t = 0.
The monotron ¢onnected £o the éxternal cireuit is shown in Fig. XIV-1. The sheets
coupling to the fluid carry curreiit of density Kd and the terminal curfent is thus I = hK e
For y =2, the normalized equations of motion for the fluid are

28R
9Z

&
<t

+ T2 =7 (1)

wj®

1=
<

N

aR ‘VR)" e {2y
Tt-ez -0 2)
in which the normalized variables are Z = ;,“i z; T =at, V(Z,T)s= ;‘-’—; R(Z,T) ,%,’
o (o) 0 e
-— €
C & ===

(o]

-G:, ; 15 theé normalized driving current density. Here, Vo and o

&) 6

are the entry velocity and the entry density, respectively; c¢ is the small-signal

magnetoacoustic speed, and w i the frequency of the source. Equatlons 1 and 2 can
be obtained, for example; by combining Eqs. 1-6 of Haus and Schne1der
A completely equivalent description of the fluid is provided by the so-called charae-
a1istie equatmns,“" which are essentially linear combinations of Eqs 1 and 2 arranged

to place in evidence the fast- and slow-wave faturé of the solution.
L. (V420) + (V+C) 5 (V420 = 5 (3)
B (v=20) + (V=€) F (V=2C) = 3 @

Here, C =CNR is the local magnetoacoustic speed. Except fof the current terms on
the right-hand side, these equations are identical with those describing the propagation
of water (gravity) waves in shallow water. Indeed, our study of the special case y = 2
was prompted in part by noting this similarity.

To obtain boundary conditions, we study the effect wrought on the fluid by the current
sheets. When Eqs. 1 and 2 are integrated across each of the current sheets, we obtain

Vo -2, | Vi 2 ) ,
',—Z—-lv.c R;Z —““-,--‘V.Z——-*I-c, Rl =K (5)

-~ VR =0 (6)

V: =2 § V§ L2
2 TE Ry T\ tC Ry =K (7)

-V ,'R' = 0. {8)
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The subscripts 1, 2,3; and 4 indicate that the quantities are evaluated at Z = 0=, Z = 0%,
Z = L-, and Z = L#, respectively. The normalized sheet current density is given by
B,
Ke—2§K ..
K= . v.z Kd
%o , ; o
Provided that both the fast and slow waves at Z = 04 are forward waves, the fluid
upstream from the current sheet is unaffected, andthus V, = 1 and R, = 1. ‘The nor-
i "‘,.1" d teriin ii" N _::‘; G F ¢ I P PO ; '
malized términal voltage ® = B;\_ro_v'v is given by
$=1= V3R, 9)
‘The ¢ifcuit, a condiictance G in parallel with an exciting cuffént source i's‘('T) =]Isin T,
has the volt-ampetre relation
The combination of Egs. 5, 6, 9, and 10 furnishes the relation that expresses the effect
of the circuit upon the fluid:

VZ +{2P1-V, R )=(142T°)=28 sin T} V,, + 28° = 0. On

The fact that the fluid velocity at Z = 0 must be continuous in the limit of zero sheet
current requires that the largest positive real root of the cubic equation for V, be

B4

PV I R7PeVo
[0}

expresses the maghitude of the load.

The behavior of the monotron is determined by either Eqs. 1 and 2, or Egs. 3 and 4,

-
g

— - —BTTTE ST T
0
[]

(<] O -]

M of o o o o

allE

'+‘-" B et - T R
‘ z

T=0 crgmsm omom0mmpmn oo — oo

0 e

Z=0

N
i
—-

Fig. XIV-2, Lattice points that are pertinent to a numerical
solution by finite differences of Eqs. 3 and 4.
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with J set equal to zero, by Eq: 11, and by the initial conditions V(Z,0) = R(Z, 0) = 1.
The regiime of operation is determined by the requirement that the flow be supeteritical
everywhere or, inother words; that the slow wave be a forward wave: The wave equa-
tion {4) indicates that the velocity of the slow wave is V = SNR; we thus Fequire that
(V-oVR) be greater than zero everywhere.

'To obtain numerical solutions, we have replaced the partial dérivatives in Eqs. 3
and 4 by differerice quotients appropriate to a rectangular nét of points spanning the
region of interest (0<Z<L;0<T<w) in the Z-T plane (Fig. XIV-2). The resuiting difference
equations and Eq. 11 allow the computations t6 begini at T = 0 with the given initial con-
ditions and progress into the region in the direction of increasing T.

With reference to Fig. XIV-2,; the difference equations relate the valies of V and
R at point P, for example, to the values of V and R at points Q and S. Since V and
R are ¢ach equal t6 unity along the entire bottom row (T=0), the difference equations
allow the values of V and R t6 be obtained for every lattice point of the Second row,
with the exception of the leftinost point, point M. The value at this point can be obtained,
however, from the values at point N by means of the boundary condition, Eq. 11. With
the second row completely detérmined; the values for the third row c¢an be found, and
8o forth.

The lattice spacing in the Z=direction is fixed; the lattice spacing in the T-direction
is adjusted at each stage as the computations proceed in order to ensure that the lattice
point at which the values of V and R are to be found lies within the region of determi-
nacy of the lattice points used in the calculation. Again, with reference to Fig. XIV-2,
AT must be chosen small enough so that the lattice point W, for example, whose values
of V and R are to be found from those at lattice points X and Y, lies in the shaded
region defined by the fast-wave characteristic C;'( emanating from point X and the slow-
wave characteristie CY emanating from point Y. This has been shown to be the condition

0.05
0.04 f—
0.03 [=
0.02

0.01 =

Fig. XIV-3. Typical terminal voltage waveform.
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ential equatmns in the limit of zero mesh S.pacmg 4 It is dpparent that for this s¢heme
to work; the flow rust be supercritical §o that the slope of the CY chatracteristi¢ is
positive.

In order to provide the most favorable conditions. for energy ¢onversion, the coil
span L was chosen §o that the terminal impedance of tlhie mienotron, as determined by
small-signal analysis, ! was negative real.

A typical terminal voltage waveform is shown in Fig. XIV-3. For this case the
entry velocity was taken to be twice the magnetoacoustic speed {e=0.5), S = 0. 61,

P = 0.5 and w{L/\{o = 3w/8. If an efficiency of energy conversion is defined as the ratio
of the average electric power extracted from the fluid 1o the mechanical power incident
on the monotron at Z = 0, the efficiency for the case illustrated is found to be 0. 1 per
cent; a very low valué indeed. Note, too, the almost sifusoidal shape of the steady-
state waveform. Indeed, for all allowed values of S and P, that is, all values that lead
to Solutions satisfying assumption (b), the steady-state output waveforms are sinusoidai
in appearance and yield very low values of efficiency. We conclude that the regime
studied is still essentially 4 linear one. In fiirther work we shall attempt to remove

the restriction that the flew beé supercritical everywhere. This will undoubtedly lead

to more digtorted waveforms accompanied, we trust, by higher efficiéncies.

The numerical calculations for the work described here were perforined on the
IBM 7090 computer of the Computation Center, M.I. T.

A. J. Schneider
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B. AN ALTERNATIVE PROOF OF STABILITY FOR THE MAGNETOHYDRO-
DYNAMIC WAVEGUIDE

It was shown in an earlier repm‘tl that the magnetohydrodynamic (MHD) waveguide
is stable for all geometric configura’c—ions and for all values of the parameters describing
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that can exist in Such a4 waveguide. It was shown that the dispersion relation for one

get of modes and the boundary conditions for the other set admit of only stable selutiens:
It can be shown that these results follow more simply from an investigation of the form
of the power theorern that all solutions must satisfy. In this réport we present the sim-
pler stability proof to confirm the earlier ore and to show again the importance of small-
rs’frgnél Apower tih'eor‘e’m:s?

is the frequenc,y in a coordmate system moving with beam velocity. We cany therefore,
always transform the equations into a coordinate system in which the beam is stationary
without ¢hanging their form. A systein i§ stable if the énergy term in its Small-sighal
power theorern (provided that it satisfies a power theoremy) is positive defmn:e2 since,
in that case, all real values of f require real values of w The energy term in the

MHD power theorem3 is

£.V,

WEW_ tw, =enB:BélpeT- T+, V0 +I§p 9°B:%

" Vm Tk 270 z o P '2" "B,

which is positive definite when v, is set equal to zero. {(Note that in Quarterly Progress

Report No. 66 (page 125), Eq. 9 and the equations for S and w,_are in error. The term
v, /B )B-V should be (Ve By YB - ¥.) Thus, 0 y(and there_fere. w) i§ real for all

real B, and according to St-urrock- this is a sufficient condition for stability.
J. R. Cogdell
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C. SCATTERING OF LIGHT FROM ELECTRONS II

Using the apparatus indicated in Fig. XIV-4, we have observed scattering of optical
radiation from an electron beam. Light from a ruby laser was focused to intersect an
electron beam at right angles and the scattered radiation was observed at an angle 6= 65°
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DETECTOR

Fig. XIV=4. Simplified diagram of the apparatis.

with respect to this beam. The laser produced bursts of light at 6934 A of approxis _
mately 20 joule$ and 800-usec duration. An electron density estimated at ~5 X 107 em™3
was produced by magnetically focusing a 2-kv 75-ma electron beam. The polarization
of the incident light was adjusted to be parallel to the magnetic field.

The scattered radiation from a volume ~2 mm in diameter was collected by the
receiving lens, 20-mm in diameter, at a distance of 80 mm. After passage through
an iris (to limit the field of view) and a system of filters, this radiation was detected
by a photemultiplier with an $S20 response, cooled to liquid-nitrogen temperature. The
interference filters enabled us to reject the laser light scattered from the walls of the
vacuum system, and to accept only the scattered radiation that was Doppler-shifted 259 A.
The bandwidth was limited to approximately 10 A in order to reduce the background illu-
mination from the electron gun. Oscilloscope traces of 2-msec duration of the photo-
multiplier output were obtained for the three cases:

{(a) signal plus noise, i.e., the laser beam impinging on the electron beam;

(b) electron-beam noise, i.e., light from the filament plus pessible excitation of

(c) laser noise, i.e., the laser light scattered into the receiver in the absence of
the electron beam.

As the photomnltiplier dark current can be ignored, the sum .of the photoelectron counts
in (b) and (c) gives the total noise. Hence the difference between (a) and [(b) plus (c)] is
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a measure of the sigral that is diue to Thomson scattering. Many sgiich groups of oscil- *
lograms were taken. The average value of this difference and its standard deviation

are tabulated here for three series of trials.

Number of Trials

15
21

22

Average Thomson Photoelectrons  Standard Deviation
3.4 1. 14
5.8 1. 85

The variation in the average count for the three setries is thought to be caused by changes
in alighment. Algo, in the last series there was a 20 per cent increase in the laser out-

put, and the focusing of the electron beam was improved.

70(- i {a) THOMSON SCATTERING
b I +NOISE

o

=F (b) AVERAGE ELECTRON BEAM NOISE

200

NUMBER-OF PHOTOELECTRONS:

'0.4* {c) LASER NOISE

LASER QUTPUT

()

Fig. XIV-5. Number of photoeléctrons in successive 0.2 msec intervals (summed

QPR No. 68

over 36 successive trials) resulting from (a) Thomson scattering plus
noise and (c) laser light scattered into the receiver in the absence of
the electron beam. (b) Average electron beam noise and {(d) oscille-
gram of the laser output.
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Figure XIV-5 shows for the first two series of trials: {a) the total number of photo-
electrons observed in Successive 0. 2-msec intervals; (b) the average noise level that
ig due to the electron beam and its standard deviation; (c) the cortribution frém the
"ager hoise”; and {(d) an oscilloscope trace of the lager output.

The signal-to-noise ratio that we obtained could undoubtedly be improved by pro-
viding better trapping for the light from the électron-gun cathode and/or by using a dark
emitter ingtead of the tantalum cathode that we iised ih our experiment. Alse, higher
beam current and better fociising shoild not be too difficult to obtain. Larger laser out=-
put would, of course, be beneficial becaiise even in this initial experiment the igolation
between the two optical pathd, input and detector, was sufficiently good that the laser
noise was alinost negligible: By using this technique; it should be possible to study the
profiles of high~density electron beams used, for example, in klystrons and traveling-
wave tubes, and as these beams are usually of fairly high voltage, the large transverse
Doppler shift will enable observations to be made at right angles to the electron beams.

‘ G. Fiocco, E. Thompson

D. USE OF FISSILE NUCLIDES IN FUSION REACTOR BLANKETS

The investigation of the problem of the fiusion reactor blanket with fissile nuclides
discussed in Quarterly Progress Report No. 67 (page 91) has been continued. Most of

the neutron multiplication and tritium breeding calculations have been finished, and the

blanket configurations with a diffuse plane neutron source.

3

1. Blanket Assembly with Th> 2 First Wall

In checking the calculations for the case of the metallic thorium first wall, an error
was discovered in the therium (n, 3n) reaction cross sections, and thus the results
reported in Quarterly Progress Report No. 67 (page 92; see Table VIII-2) are incorrect.
The results of the calculations based on the corrected cross-section data appear in
Table XIV-~1; the increase in tritium regeneration is approximately 8 per cent,

Caleulations for a blanket assembly with a Th?3? first wall (Table XIV-2) indicate
that increasing the concentration of the lithium 6é isotope in the fused-salt coolant effec-
tively reduces the neutron absorption in the first wall. A change in Lié concentration
from its natural abundance (7.4 per cent) to 50 per cent increases the tritium production
from 1,135 to 1.263 tritons per incident neutron for a 2.0-cm thick Th23‘2' first-wall
configuration. This rige in the regeneration ratio ghould be sufficient to ensure a gelf-
sustaining tritium cycle for the fusion reactor.

To reduce the heat removal problems that arise because of the large amount of fis-
sion energy produced in the thorium, it is desirable to make the first wall ag thin as
structural and neutronic considerations will permit. Results were obtained for a 1.0-cm
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Table XIV 1 Results of thorium first-wall ¢alculations.

Th232 first=wall | ) 7
thickness { 2,00 cm 1,00 cm 1:50 ¢m 2.00 cm

1i® concentration |
in both fuged<salt | 7 ) - N }
regions | mnatural 50% 50% 50%.
Fission rate |  0.033 0.018 0,026 0.033
Firgt-wall

multiplication

First-wall , o o o
absorption 0.261 09.055 0.093 0. 134
Total neutron N , o o
leakage { ©0.056 0.031 0. 029 0,028
Tritium |
regeneration | o o
I"a't-i'(") il l 135 1 183 1.229 1.263

All results are per umt prlmary source neutron

Thermal shield

‘V‘acuum F1rst wall F1rst-wa11 coolant Pmmary attenua-tc)r " Thérmal shield

Mo ‘; LiF-BeF,-UF, |21C- 79(66L1F 34BeF )

“Loem |  625em | 49.0cm

Data pertaining to individual calculations are given in Tables XIV-3 and XIV-4.

U%%® Fused-Salt Primary Attenuator Coolant

Vacuum | First wall 1 Fi;rstswail coolant Pi’imaéy attenuator 7 Thermal 's,hie:ldﬁ
Mo 66LiF-34BeF, | 21C- 79(73L1F 27UF4)
| .0em | lL5em |  49.0em |

Data pertammg to individual ealculations are given in Table XIV 5

‘ A11 compos1t10ns are g1ven in mole fractmn percentages
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and a 1.5-cm thick first wall with a L"i‘6 concentration of 50 per cent; the rhinithum
thicknegs is approximately 1.0 ¢m. The thickness of the first wall may be reduced
further if the loss in the theriur neutron multiplication is compensated for by the addi-
tion of metallic berylliurm to the attenuator region. {This possibility is diseussed below
in connection with the uranium fused-salt gystems.) But, if the multiplication in thorium
is 80 low that beryliium is needed to supplement it, then the use of thorium in the blanket
seemis purposeless.

2. Blanket Assembly with UF, Fused Salis

The plasma blanket system containing a lithium-beryliium-uranium flioride fused
salt in the first-wall coolant region has béen stidied for three salt compositions. The
effects of increasing the isotepic concentration of :Li6 ini the fhioride salt, and of adding
metallie beryllium to the primary attenuator have been investigated. A system that
containg the uranium-bearing fused salt in the attenuator (third) region also has been
expletred.

The three salts considered are 73:LiF.-\27UF4,, 6‘0'LiF:-'310;BeF2=1%OUF4.» and 71LiF-
¥6BeF, <13UF,. The first two salts have been described f?éiiiOﬁSlylé the third mixtute
is the eutectic composition for 4 melting point of approximately 450°C.

Caleulations indicate that for a first-wall coolant that is approximately 6.25 e¢m thick
i (Table XIV-=2), a Liié’ c¢oncentration of 1520 per cent is needed in

and contains ur

both the first-wall coolant and the primary atténudter to give a tritium regeneration ratio
of 1.15. Neutron capture is reduced in both the molybdenum first wall and the uranium

in the coolant by the competing Li‘é'('n, t) reaction; also, a large percentage of the leakage

neutrens are utilized for tritium production by this reaction. The maximum tritium

regeneration obtained was 1.271 for the 73LiF-27UF, system, with a 1i® concentration
of 50 per cent in both fugsed-salt regions. The results of these calculations are sum-
marized in Table XIV-3.

In the uranium-containing fused-salt blanket, the production of Pu?3? for fission
reactor fuel may be worth s::an»_s;id’ering,-,l1 A favorable economic balance between tritium
regeneration and plutonium production may be achieved by proper choice of the 'Lié’
concentration.

The tritium produetion in the blankets discussed above may be inecreased by including
a region of metallic beryllium between the first-wall coolant and the primary attenuator.
Calculations were made for the equivalent of a 5. 0-cm thick slab of beryllium homeg-
enized throughout the attenuator region; the results show a gain in the tritium breeding
ratio of approximately 5 per cent. This homogeneous treatment was made necessary
by the use of the three-region code ,.2"3 and the results are conservative. The results
are given in Table XIV-4.

The third blanket assembly shown in Table XIV-2 was investigated. Placing the
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Table XIV=4. The effect of adding metallic beryllium to the attenuator region

- g ey TP S o ima i a2 ,’a.
on the tritium regeneration.

ratio

First<wall coolant
fused-salt composition
(LiF-BeF,-UF,)
First-wall coolant
thickness

Li” econcentration in

both fused-salt regions

Fission rate

U238 absorption

multiplication

Total neutron leakage
Tritivm régénération

4

60-30-10

%.25 em

natural
0, 027
0. 120
0. 105
0.086

1.141

73=00<27

6.25 em
50%
0.278

‘0. 048

1.332

 The equivalent of 5 cm of beryllium metal is homogenized )
througheut the primary attenuator.
Al resiilts§ areé per unit primary source neutroh.
All compositions are given in mole fraction percentages:

]

pare with result

in Table XiV-3.

Table XIV-5. The results for the calculations with 73LiF-27UF

_in the attenuator region.

L16 concentration
in both fused-salt
regions

Beryllium enrich=
ment in third region

Fission rate |
238

U
V)

Total neutron
leakage

Tritium
regeneration
ratio

23

multiplication

8 absorption

natural

0
0.110
0.449
0. 655

0. 120

0.751

50%

0
0.109
0.444
0.222

0. 062

1.248

50%

~5.0 cm
0. 100
0.403

0.221

0.063

1.303

All results are per unit primary source neutron.

QPR No, 68

81



y:

(XIV. PLASMA ELECTRONICS)

T3LiF-~ 27UF fused salt in the third regioh gave a tritium prodiuction of only
0.751 with natural lithium in the salt; a L16 concentration of 50 per cent incréaged
this value t6 1.248; and the further addition of the edquivalent of 5.0 <m of
berylliuth to the atténuator region raised the tritium regeneration ratio te I.303.

This configuration has the advantage of distributiig the fission energy over a
large volume; thus redueing the peak fused-salt temperature and the resultant
heat-removal problems. The fission and heutron capture tates are alse increased

over the corresponding rates in the systems discussed above. Thus; the total
power output of the fusion reactor is raised, and a greater amount of F’uz"'9
produced. Table XIV-5 contains the results of the ecalculations for this blanket

system:.

3. Discussion

It is poss:.ble to obtain sufficient neutron multiplication with both a métallie
Th232 first wall and a U‘2 38 fuged-galt coelant blanket a-ssembly to suppert a

self=sustaining tritium cycle. Of the systems considered; the therium first-wall
configuration Seems to be the least attractive because (a) the fission energy is
liberated in a structural member that is already at a high temperature by virtue
of its location, and thus thie cooling problem is in¢reased; (b) the build-up of
figgion products will decrease its effectiveness ifi neutron multiplication; and

(¢) radiation and fission damage may reduce its value as a structural support
for the blanket asgembly.

The uranium fu‘Sed‘ salt Systems seein | practie-al and feasible because '('a‘) the fissi'o'n
from the cl—rculatmg fused salt (c) the coneentratlon of the uranjium f1u0r1de can be
varied to control the power output; and (d) an economic balance between tritium regen-

239

eration and Pu’ production might be achieved by varying the 'I-_zlf6 -congeéntration in the

fused salt.
L. N. Lontai, D. J. Rose, I. Kaplan
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A facility whose design and eonstruction was started by S. Q. Deéan (a former student)
has now beén completed. The machine provides a high=vacuuin volume of 23 liters and
has & pumping capacity of 500 w-1/s in the pressure range 1}0’2 + 1072 Torr. Solenoid
¢oils can produce a mirfor fegion in the vacuum tank which measures 1.25 meters and
0.20 meter L.D. with mirror ¥atio R & 5 and mirror field ~3.2 kgauss at 200 amps. The
mirior ratic can bé varied by movitg the two solefioids on Fails. In the preésent use,
the machine is arranged for a hollow-cathode discharge expefiment running lon-
gitudinally in the mirrer. {(See Fig: XIV-6.) A special probe was designed for
related measgurements.

The high-vacuum tank consists of a central box (50 X 50 X 25 ¢m) and two cylindrical,

S -

I e o o e T e T
R T Ty oy S

Fig. XIV-6. Plasma facility from anede end. (1) Magnet cooling-loop
' sliding seal. (2) Cooling-loop expansion tank. (3) High-
vacuum tank extension. (4) Position of sliding seal for
probe. (5) Anode electrode, inserted in tank through
sliding seal. (6) and (7) Probe holder inside its coaxial
rail; the four visible insulated supports fasten the rail to
the vacuum tank's inside wall. (8) Magnet. (9) Baffle
on top of one of three diffusion pumps.
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20<-em I.D: arms, extending longitudinally through the mirror coils. Three extensions;
15-¢m L. D. ; cohnect the tank to the diffusion pumps that are topped by water-cooled
baffles and gate valves. <Cooling of the side arms is achieved by water circulation
(Fig. XIV-7).

SCALE L - ""G'I""‘L'r:' N

47 3

Fig. XIV-7. Assembly. AA", anode {(cathode not shown); M;M,, magnet

coils; O, observation ports; P1P2P3, diffusion pumps and
baffles; P P!, probe-holder axis; TT!, mirror axis; RR',

magnet rails.

Each of the two solenoids consists of four aluminum double pancakes, 73-cm outside
radius, and 5 cm thick. The pancakes are spaced 1.25 cm apart and are connected exter-
nally in series and are contained and supported along one diameter by a cast aluminum
box (85 X 85 X 25 cm).

The coolant is circulated from the top to the bottom of the assembly and in direct
contact with the coils. Pure distilled water or ethylene glycol is used. The circulation
ig in a clesed loop, and a heat exchanger is installed in geries with it; city water is
used for heat removal. To enable movement of the magnets, sliding O-ring seals are
installed in the coeling loop.

The electrodes for the hollow-cathode discharge are of standard de,sign,,‘l but more
care than usual was taken in cooling the tips. These are almost entirely hollow and
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contain two rows of fins to improve the heat removal: Water is eirculated in threugh
a peripheral sléeve, and out axially. The electrodes can slide axially through O-ring
seals in the ehd flahges of the side afms. The power supply consists of two AIRCO
welding rectifiers in series, giving 200 amps at 80 voits under load. A spark-gap
oscillator is included in the eircuit as starter; a filter reduces the rippie to legs than
1 per cent.

To probe the hollow-cathode discharge, whose maximum length ean be 1.6 meters;
Langmuir probes aré used. Two of these, rigidly connected, are installed; they can
be moved parallel to the mirror axi$ and rotated in a normal plane. The probe tip
de‘s’cri‘bes a ¢irciilar path; 45° W‘i«d’e, tthug‘h the mirror axis. ’T‘he probes are placed
the are; overlap of the two ,pr.obe pos&taons a~l~lows for recmprocal cahbratmn—.~ 'The moves-
mefit is imposed fi'om the outside through a sliding O=ring seal in the end flange. The
stainlesg-steel holder arm contains and seals the probe leads; it is longitudinally sup-
ported in the tank by a coaxial cylindri¢al rail, 2.0 meters long. The rail alse serves
as screen against the sputtering from the arm.

F. Alvarez de Toledo
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F. ENERGY EXTRACTION BLANKET FOR A FUSION REACTOR

Work on nonfissile systems has been completed and final reports are being prepared
as the.sesl’z for submigsion to the Department of Nuclear Engineering, M.L.T.

Heating calculations have revealed that each 14,2 Mev D-T neutron will produce
approximately 17.5 Mev of recoverable heat in the blanket. The maximum energy
flux of 14,2 Mev neutrons that can be tolerated on a 2-¢m molybdenum first wall
ig 4-5 Mw/m®?. Thermal stress and heat transfer to a fused Li,BeF, coolant are both
limiting at this power. The total blanket thickness necessary to shield superconducting
coils is 110-120 cm.

W. G. Homeyer, A. J. Impink, Jr., D. J, Rose, I. Kaplan
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‘G: SUPERCONDUCTING SOLENOID

I, Test of a Large Superconducting Coil

While the construction of the vessel and accessories of the large superconducting
magiﬁetl is progressing satisfactorily, we have proceeded 16 test a seét of three coils in
order to evaluate and choose the best deésign to be used for the remaining coils of the
larger magnet. We have also developed an IBM 7090 computer program for the calcu=
lation of the magnetic field in a#iy coil or set of ¢oils. -

The three coils have been tested in a vertical i4.00=in. liquid-helium ci'e'\’)vfu'.'z
Figures XIV-8, XIV-9, and XIV-10 show close-up views of the coil X1 alone, the set
of three coils, and the coil agsembly with the dewart.

The specifications of the coils dre given in Table XIV<6. Their differences are
essentially in the winding, which for the coil X1 was made by using insulated Nb=Zr
wire; some copper wire was wound inside and outside for the purpose of protection. For
¢oil X2, the same insulated superconducting wire was used, but it was wound with bifilar
copper magnet wire. Finally, coil X3 was made by using insulated copper=plated Nb=Zr,
0.0012 in. thick. No sécondary copper winding was used. Figure XIV-11 shows the
detail of the winding of coil X1.

Coil X1, which was ready first, underwent the most intensive testing, both alone
and with the two other coils.

Intensive investigation of thé quenching characteristics has been carried out in order
to find the eventual training effect, deterioration of the critical current of the ¢eoil and
energy balance in the various circuits, as well ag the quenching current.

The listings in Table XIV-6 also indicate that the training effect was nonexistent for
the three coils and, moreover, that the quenching current is net agsoeiated with the rate
at which the current is increased (from 20 seconds to 5 minutes for a full increase). For
coils X1 and X3 no deterioration of their properties was observed, although the energy
involved became quite large (5 kilojoules with the three coils running). The recovery
time after quenching is approximately 20 seconds. The deterioration of coil X2 has
been found to be due to a kink in the wire which progresses up to a complete break.

The transient phenomena that occur at quenching have been recorded with an oscil-
loscope for coil X] enly. We have not been able to record the transient in coil X3, prob-
ably because of too small a rate of quenching, Figures XIV-12 and XIV-13 illustrate
the basic process of quenching. For a single winding, the current decay is approximately
0.030 second. When two windings are separately driven, there is quite a big delay
(0. 260 sec) between the quenching of the two coils.

By integration of the transient curve of the copper coil, one can calculate the energy
that has been dissipated in its external resistance {3 ohms). It appears that in our case
only 2 per cent of the magnetic energy has been dissipated into the external registance.
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Fig. XIV-10. Coil X1 with its support, the 14-in. dewar.
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1.380 IN. D. ]

11.562 IN. By

-COPPER FORM

; 5; INSIDE SUPERCONDUCTING WINDING - 1841 TURNS IN 13,13 LAYERS SEPARATED WITH

i 0.075 IN. MYLAR FOIL SPACE FACTOR 31.7%- 5745 FT.,1.:681 LBS. OF Nb-Zr WIRE
: 5, QUTSIDE SUPERCONDUCTING WINDING - 2740 TURNS IN 20.27 LAYERS SEPARATED
' WITY 0,075 MYLAR FOIL SPAGE FAGCTOR 30.9%- 9363 FT,,2.816 LBS OF Nb-Zr WIRE
ALL THE WINDING 1S ENCAPSULATED INTO AIR-DRY VARNISH (No,=301. OF PEDIGREE COMPANY)
- Fig. XIV-11. Schematic cutaway of the winding
of the XI coil.
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Fig. XIV-12. Quenchmg transient for inner coil: The bell=shaped
eurve is the voltage (aeross a 3-ohin résistor)of the
current in the copper coil: Scale, 5 volts/em. The
other curve is the decay of the superconducting cur-
rent; 5 amp/crn. Time scale, 5 msec/em. Quench-
ing time, 30 msee.

F1g. XIv=13. Quenching transient for theé twoe windings in parallel. The curve
with two peaks is for the copper coil (5 volts/cm across 3 ohms).
Other curve is for the current in the inner coil (5 amps/cm)
Time scale, 50 msec/cm Quenching occurs in 2 steps: first,
the outer coil quenches and current rises in the inner coil; sec-
ond, after 0.260 sec the inner coil quenches. Each quenching

takes approximately 30 msec.

This is due certainly to the large energy dissipation in the copper coil form, whi¢ch was

detected by a quick rise of its temperature.

The behavior of the copper-plated coil, X3, was found to be much more satisfactory
than that of the two ether coils in all respects. Its operation seems more stable, and
it is possible to reach and maintain the current within a few per cent of the maximum
value of the current. Moreover, its performances are approximately 30 per cent better
than those of the other coils, Consequently, all of the remaining coils will be made of
copper-plated wire similar to that used for coil X3.

The coils have been operated in the permanent current states, and differential
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20,

0 e e e i e

ANCHES

Fig. XIV-14. Field plot of coil X3 in permanent state. Current, 10 amps. The curve
represents calculated values; measured values are plotted as o.

measurement of the magnetic field leads to the conclusion that there is no decay of the
field (say, less than 1_‘@'—4 per hour measured). The field plot measured in the perma-
nent current state is shewn in Fig, XIV-4 with the calculated value., The thermal
switches operate very satisfactorily. Their power consumption is 0.150 watt for
warming up the gate wire to the critical temperature, and their switching takes approx-
imately 1 second.

We have been able to pump the field from the X3 coil to the X1 and X2 coils by using
the proper switching sequence in and out of the permanent mode. The highest field pro-
duced has been achieved in this way.

The clamped contacts have shown a contact resistance of the order of 1'0"'7 ohms,
which is also quite satisfactory.

2. Magnetic Field Calculation

An IBM 7090 computer program has been develqped3 for the calculation of both com-
ponents of the magnetic field at any location of a solenoid, including the winding interior.
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The program was then extended to caleu-

late for a multiceil solenoid; for the
réeiprocal case of the détermination of

the current that will produce a given
maghetic-field shape, and for the field of

a uniformly distributed dipole in a Sole-

noidal winding. All three cases are ifapor-
tant for the evaluation of the performance

URRENT of superconducting solenoids.
' The principle of these field caleula-

Fig. X1V-15, Coordmates used 1n qa}' pla- tions is based on the splitting of the

potenhal a.nd magne winding in seveéral current sheets. We

for a cylindrical geometry. assume a uniform distribution on the cur-
rent throughout the winding. It can be
noted; then, that the program ecan be easily modified to fit any current distribution by

weighting each current sheet a'céerdingly
4ni

potent1a1 (a.nd subsequently the f1e1d) to the value of an 1nf1n1te1y leng soleno1d that is,
1.

( 4n

_ 4n NI
~in mks units or 10 L in ¢gs n ts)

For a currernt sheet extending from z = S to z = SZ" the magnetic potential is

y oA tT2 cose x

S(r,z2) = 57 SS S ~g~ deds. 3)
1

If the order of integration is inverted, the integration with respect to S carried out,
the angular integration modified by using the identity
™ /2
S‘O F(cos ©) d8 = S;) F(cos 9) d0 + F(~cos 0) d9, (4)
and the origin S, extended to infinity, one obtains the vector potential of a semi-infinite
current sheet:

/2 2. 2
A(r,z)-—-S decoselnz+, z tr +1+2rcose (5)

Z+ z+r2+1—2rcose
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The radial aid axial magnetic fields are derived froin the vector potential and are
given by

H ::(Er;, z) & -

H (¥, z) = ? 31—,- (rALE, 2))s {7y
which; applied to Eq. 5 give

BARZ =TT )y Qi) (8)

w/2 zZ+Q, 2¢os @
H (l‘: z) = '““g do cos e[ -In 27 Q (z+Q+)(Z+Q NQ+Q. )
2

172 2\ \]
" <<'_QT°5_> i >]

/z + r + l + Zr ¢os 9 {10}

and

®

Here,

Q.= 2+r2+1—2rc<z>se (11)

The field of a finite current Sheet is obtdined by Superposition of negative and positive
semi-infinite sheets:

sel
where 8 is the nermalized length of the solenoid:
From the basic current sheet calculations; the field is obtained by summation of
current sheets.

N
H(r,z) = z H(r (n), z)/N, (12)
n=l1
where r_(n) is the relative radial distance of the field point with respect to the partic-
ular current sheet.

rgln) = r/o(n). (13)

Several problems arige in the evaluation of the integrals. For z negative and
0=0,Q_= lz' l‘, so that (z+Q ) = 0 and the integrand of H becomes infinite, This incon-
venience is solved by using the following identity proper to a semi-infinite current sheet

r<l,0 H,(r,-z) = =H,(r,2) + 1.0}
r=10 H,(r,~z) = -H (r,2) + 0.5
r>10 H,(r,=z) = -H,(r,2) ‘

(14)
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Forz =0

r<l.o H,(r;0) = 0.5 )

r=1.0 H,z:(\r:,,\ 0) = 0.255 (15):

r> 1.0 Hz(r: 0,) = 0,.0

Also, H(¢,z) = H (r;~z).

When {r=1] anhd z both approach zereo, the integrands of both Hr and HZ become
very lafge when 8 is small; indeed @_ = 0.0 for |r=1|, #z, and ¢ =0.0. Therefore,
in order to conseive aceuracy in the humerical integration; it has beén found necessary
to split the integration with emphasis in the range of 0 % 0.0. Vatious test runs, com-
paring the calculated values with those of Alexander and Do‘wni-ngi,f’ have shown that the

best aceuracy was obtained with a three-part splitting; that is,

oL g, o g

Y0. 0625

and by caleulating Q_ as

(16)

In such a way, an accuracy of the order of 10°0, or better, can be maintained for
|r=1.0 and |z| = 0. 0005, that is, well below any dimension of the wire used. The

change from the single integration to a triple integration must occur in the vicinity of
|r=1.0] and |z} = 0.4.

Nevertheless, for r = 1,0 and z = 0.0, H_(1.0,0.0) = ». However, this is a purely
mathematical conclusion, since, by definition, the thickness of the current sheet is zero,
and the corresponding current density is infinite, a situation that never arises physieally.
To avoid such improper physical results, we stop the current sheét a digstance ¢ from
the corner, € being less than the physical dimension of the actual current carrier. The
use of a Gaussian integration procedure achieves the same purpese, since the lowest
value of 8 employed is net zero.

Finally, for r = 0.0, and for any z, the integrand of H,(r, z) again beh:
for computation. However, in that case the field is calculated directly by integration
of the Biot-Savard law for a thick solenoid of uniform current density.

H,(0,2)= 5oy (B-Winitve FON it L2+ gy
1+ / 1+ p-v)° 1+ /14 (f+9)”

See Fig. XIV-16 for definitions of a, P, and y.
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i 2
9"

Fig. XIV-16. Configuration ef 4 thi¢k solencid.

For a thin solenoid, @ = 1.0, ahd Eq. 17 becomes indeterminate. We replace it
by the equation for the on-axis field of a curfent sheet

(18)

Again, the field is normalized to the field of an infinitely long solenoid.

The program autoinatically provides gelection between the various computation
schemes so that the best accuracy and speed is obtained.

The numerical integration of Eqs. 2, 3, and 16 is carried out by a 10-point Gaussian
quadrature. Test runs indicate that the accuracy is better than a 16-point Gaussian
quadrature, probably because of less rounding-off error during the computation,

For a thick solenoid the aceuracy may depend upon the number of current sheets in
which the actual winding is split. When the field location is far away from the winding,
fewer current sheets are required than when it is very close or inside the winding.
There is no definite rule for selecting the optimum number of currents, and accuracy
test runs must be made for each particular case. However, let us say that our results
indicate that for a thin solenoid, that is, with thickness approximately 10 per cent of
the radius, an accuracy of .10,"5', or better, ig obtained with 5 current sheets for
r<0,5, and 10 current sheets for r < 0.95. Inside the winding, higher-order splitting
is necessary, to approximately the same number as the physical number of layers,
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that is; from 20 to 30.

The results also have been compared with those obtained by spherical harmonic
expansion.®”’ We have found that using three terms of the expansion gives only 102
aceuraey within 15 per cent of the radius for the z comporerit, and very mich less for
the r component. The discrepancy between the two methods increases quickly when
r > 0.5, and no comparison cah be made for r > 1.0 because of nonconvergence of the
harmortiic expansion.

The basic computation is carried out in a subprogram that calculates H, and H when
called by a main program or subprogram. The inpit data of the subprogram are the
inside diarheter of the solenoid; the winding thickness, the solenoid leéngth,; the number
of curfent sheets in which the winding is split, and the radial and axial field position
with respect to the center of the solenoid.

The basic time to ¢alculate the contribution of one current sheet to the H , and H,
fields takes approximately 0.05 sécond on the IBM 7090 computer.

Consequently, for a field position that is far enough away from the winding 8o that

6.0 —

d $POOL LENGTH

5.0 |-

o~
o

~ Hg (r=4:00 IN.)

w
(=]

MAGNETIC FIELD (KILOGAUSS)
~»
o

o 5 0 T 20
AXIAL DISTANCE, z (IN.)

Fig. XIV-17. Field variation along the axis for coil X1.
' e =1.158; g = 0,151.
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1020, —

e H(z2 = 0:0)

if v'Hz'(2=10..“'87.5)“ -
5.0

e T w

< H (z £0.875)

— H_z =0:0)

MAGNETIC FIELD (KILOGAUSS)

= H, %z =0:875)

i Y/ WINDING

o g
RADISS (IN.)

: ‘1at10n along the radius for coil X1.
; 151. Z =:0.875 is at the
<edge of the w1nd1ng

the integration is riot split, that ig, |r-1] or |2] > 0.4, with the use of 5 current sheets,
assumed the result is 0.25 second per point. If the field position is close to the edge
.of the winding, then the ¢computation time is approximately three times longer: For
any on-axig point, the use of Eg. 17 or Eq. 18 saves much mere time and reduces the
computation time to approximately 0. 005 second,

We have applied the basic subprogram for the calculation of the field of a single sole-
noid and also for more complex problems.

For a multicoil solenoid, we simply used a summaticn of the twe components of the

| z N(ﬁi-)" @ |
1=

where N(l) is the number of turns, J () the current or current ratio, and L(i)

the length of the 1th

The inverse problem consists in the determination of J (1) 90 that the field satisfies

coil.
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0.04 B
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0.03 |
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Fig. XIV-19. Axial dipole field of uniformly distributed dipoles in solenoid X1.
Hgauss = Kyp X19.3257 X1, . Iy = equivalent magnetization

dp mp
current,

a given value at P given positions. We have to solve the matrix equation

Hip) = Kip, ;7 0y (20)

thus

ey, LN st
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d 1
Iy = Kip, mHepy 1)

This eperation i easily carried out by the computer. Our program has beén set to
permit solving this problem when any series grouping of coils ig deviged.

Dipoles indiiced into a superconducting solenoid may be of prime importance for the
limitation of the curfent into supercenducting solenoids. * Tf we assume uniform dis-
tribution of dipoles throughout the winding; the magnetic field results from the super-
position of two current sheets of equal strength of oppesite direction, one along the inner
diameter and the other along the outer diameter.

H. =H. {P;2) =

dp - Tinner (r, 2) (22)

outer

The normalization factor of the field in that case is

) Ay N-
Kap = ¥3t “*T Iw (23)
where St is turn spacing; NL the number of turns per layer; L. the length of the solenoid;

and Lyt the equivalent magnetization ecurrent,
(IV =18, and XIV-19 the fields
profiles and denote the field for the X1 coil which is deseribed in the first part of this

For purposes of illustration we show in Figs. XIV=17, 3

report. . . ..
L. J. Donadiéw
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RESEARCH OBJECTIVES
1. Plasma Magnetohydrodynamics
Our group is pursuing the intermediate objectives of improving the reliability and

of the existing magnetically driven shock tube; for the purpose of increasing
the reproduc1b' 1ty of t i€ resultmg data, enlargmg the amount of plas" ¢ 12 generated by

matmn of unusual shock trans1t10ns and propertles of the sheck layer

The rehablhty and reproducibility seem to be related to the breakdown behavior of
. e 50 experiments are being conducted which should make this break=

ywn inore unifc in spatial distribution and give the drive current a more advantag-
eous time distribution.

The capability is now lirmited by failure of shocks to form at low initial pressures
(less than 50 p Hg of hydrogen) and by leakagé of plasiia past the drive ¢urrent sheet
through the boundary layer. Removal of these barriers is the key to achieving the
experimental goals outlined above.

Simultaneously, efforts are being made to devise or improve methods for taking
experimental data because existing methods are not adequate for the task of obtaining
detailed flow information, and are often very costly to implement,

A. H. Shapiro, W. H. Heiser
2. Energy Conversion
(a) Magnetohydrodynamic Energy Conversion
(i) The objective of our research in magnetohydrodynamic energy conversioen

is to study theoretlcally and experimentally ‘the properties of parametric and
wave-type power generators to determine their Panges of applicability. Our

= _—
This work was supported in part by the National Science Foundation under Grant
G-24073, and in part by the U.S. Air Force (Aeronautical Systems Division) under Con-

tract AF33(616)-7624 with the Aeronautical Accessories Laboratory, Wright-Patterson
Air Force Base, Ohio,
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interest is primarily in large-signal operation of the type that might be suitable for large-
Scale power generation.

During the past year, progress has beer
desc¢ribe the small-sighal behavior of the pat 11 : ]
with a solid-conductor analeg, and the model was used to ,predlct the Sma

gnal behav-

ior of parammetric machines with gaseous conductors. ! ‘Smiall-signal expeériments were
performed with & magnetically driven shoek tube to verify the analysis of generator ‘oper-

ation with a gageous conductor. In these experiments net power was genera:t-ed-

During the past year; our régeareh on wave-type power generators has been directed
toward achieving in a modified hoimopelar experiimerit the plasma conditions (flew velocity
and conductivity) necessary for studying the amplifying interaction betwéen magneto-
acoustic waves and distribiited ele circuits. Thus far; we have obtained a unifori;
flowing plasma, but the conductivity is too low for wave experiments. Modifications are
being made to improve the plasma conductivity in the expériment.

H. H. Woodson
References

I. H. H. Woodson, G: L. Wilson, and A. T. Lewis, A Study of Maghetohydrody-
namic Parametrie Generators, d Symposium on thé Engineering Aspects of Magne-
tohydrodynamlcs, Rochestér, New York, Mareh 1962.

2. G. L. Wilsoen, A. T. Lewis, and H. H. Woodson, Half= =¢ycle plasma parametric
generator Quarterly Progress Report No. 67, Reésearch Laboratory of Electronics;
M.I.T., October 15, 1962, pp. 96=106.

(11) We are concerned with electrohydro‘

i¢ surface interactions. Previs
ous 1nvest1gat10ns have clarified the fundame

aspects of wave propagation and
3,4

mstablhty, .2 with some consideration given to
Our investigations are riow devoted to understai
coupled surface waves can be used to provide ele

hé nonlinear agpects of the problem.
ng the ways in which growing field-
ctromechanical energy conversion. We

have been shown that the mechanical medium ¢an be an ionized gas5 or a fluid. 6 Qur

present concern is with the effects of external electrical coupling and internal mechan-
ical losses.

J. R. Melcher
References
1. J. R. Meilcher, Electrohydrodynamic and magnetohydrodynamic surface waves
and mstab1ht1es, Phys. Fluids 4, 1348-1354 (1961).

2. J. R. Melcher, Electrohydrodynamic surface resonators, Phys. Fluids 5,1130-
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waves, Phys Fluids 5, 1037-1043 (1962).
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Department of Electrical Engineering, M.I,T., 1962,

5. L. O. Hoppie, The Electrohydrodynamic Traveling-Wave Amplifier: An Appli-
cation of Low Conductivity Plasma, S.B. Thesis, Department of Electrical Engineering,
M.I.T., 1962.

6. J. R. Melcher, Field-Coupled Surface Waves (to be published as a monograph
by The M.I.T. Press, Cambridge, Massachusetts).
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(b) Thermmionic Energy Conversion

The present research objectives of our group are orientéd toward a better under-
standmg of the mechanisms controlling the performarice characteristics of cesium ther-
mionic ¢onverters: Toward the achievement of this goal, the following areas are under
investigation.

(i) Theoretical and experimental studies of the effect of crystallographlc orientation
on the eleetron emission properties of a materiil both ifi vacium and in cesiuth.

{ii) Theoretical and experimental studies of the transport properties of the inter -
glectrode gap in césitm thermionic converters.

(iii) Measurements of the thermal conductivity of the cesium vapor over a wide range

of temperatures.
(iv) Experimental studies of the oscillations observed at low cesium pressures.
E. N. Carabateas
3. Alkali=Metal Magnetohydroédynamic Génerators
The over=all ob]ectlve of eur program is to determine the electrical prepertles of

both supérheated and wet flowing alkalismetal vapors at tetriperatures hear 2000°K. A
guperheater; and condenser are now bemg constructed

gmall potassium boiler,

elec > } d w1thout a magnetlc
field. Theorencal studles of the conduct1v1ty of the wet vapor will also be completed.

J. L. Kerrebrock, M. A. Hoffman, G. C. Oates

4. Magneto-Fluid Dynamics

This group 1s pr1nc1pa11y cencerned with 1nteract10ns between electromagnetlc f1e1ds

Zation ”fefengme'erui'g epp icati ns,r
The followmg problems are reéceiving

{a) Magnetohydrodynamic Wave Phenornena

One of our experiments is concerned with the excitation of Alfvén waves in a liguid
metal (NaK alloy) Electrical excitation by means of a current sheet has proved to be
markedly superior to the chanical methods used in experiments reported previously.
Efforts are, at present, directed toward a systematm study of the excitation, trans-
mission, attenuation, and reflection of these waves in the frequency range up to approx-
imately 10 ke.

A second waveguide study is concerned with MHD wave propagation in nonuniform
plasmas. A high- densny cesium glow discharge is being set up for the experimental
part of this investigation.

W. D. Jackson, J. P. Penhune, G. B. Kliman, N. Gothard, €. W. Rook
(b) Moving Space-Charge Waves in a Plasma

The nature of certain macroscopic instabilities observed in the plasma of glow dis-
charge tubes is being examined. Traveling waves of electron and ion density have been

QPR No. 68 103



N 0

[

e i

(XV. PLASMA MAGNETOHYDRODYNAMICS)

observed spontaneously arising within several noble gas plasmas. These waves have
‘also been generated w1th sound1 g prob 8. nd w1th external ex 1on A 1 earlzed

mterest in connectmn ¥ g k: ymics .
While thése include both liqu: df nd ionizet ‘g flows, the use of liquid metals has advan-
tages for a considerable range of laboratory investigations:

The maJor experlmental effort at the present t1me mvolves the constructlon of an.

m the presence of magnet1c ﬁelds

The theéoretical treatment of turbulent-flow problems; thus far; has had only partial
suecess and the need for a rational method has long beén evideént. Ari attempt is being
made to develop Weiner's "Calculus of Random Functionals" and to apply it to both sus-
tained and decaying turbulent-flow situations.

W: D. Jacksen, J. M. Reynolds III, J. R. Eliis, Jr.,
F. W. Fraim IV, H. D: Jordan

; agnetohydrodynamlcs

g in 1 The present work has grown out of the
HD channel flows; part

t1y out of the analytical and numerical
1at were us obtain solutions to the nonlinear differential equation govs
ernmg he interaction of a traveling ac magnetic field with an MHD ¢hannel flow,

Our research concerns the application of techniques, such as perturbatlon eXpansions
; and variational methods, tc et wonlines o um MHD pro-
o pose of this effort is twofoldr First, to produce solutions te gpecific

lems that are of practical interest; second, to @btain a better understanding of the

broad classes of problems to which these technigques are applicable.

J. P. Penhune

{e) Local Fluid-Velocity Measurement in an Incompressible Magneto-
hydrodynamic Flow

‘The behavmr of several dlfferent types of probes 1s bemg mvestlgated to develop

apphed magnetlc f1e1d is perpendlcular to the f1u1d ve10c1ty The development of such
probes will be important for experimental investigation of MHD flows, particularly those
associated with MHD power-generation devices.

Three types of probe are being investigated experimentally. The first is the standard
Pitot tube in which the Tx B force raises the fluid pressure at the stagnatlon point above
the usual stagnation pressure of the fluid. The velocity-pressure relation is being deter-
mined as a function of the magnetic field. A second a,pproach is the investigation of a
two-dimensional aerofoil aligned parallel to the magnetic field. The last probe is a
miniaturized electromagnetic flowmeter for which the calibration depends on the fluid
Reynolds and Hartmann numbers, as well as on the local velocity.

A. H. Shapiro, W. D. Jacksen, D. A. East, J. H. Qlsen
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{f) Liguid-Metal Maghetohydrodynamic Powér Systéms

The generatlon (of electmcal power on space vehlcles off TS a potentlal apphrcatmn

Kinetlc energy is 1mparted to thls by dr1vmg it w1th 1ts own vaper in a condensmg-
eJector sys¢e The oper_ tmn of s sys%em on alk 1 metals is be1ng studled and the

W. D. Jackson, G A. Brown

(g) Magnetohydrodynamic Induction Generator

The MHD induction machiné utilizes the interaction bétween a traveling magretic field
{such a& that produced by a polyphase winding) and a channeled, flowing fluid
that may be either a plasma or a 11qu1d metal.

(h) A-C Properties of Superconductors

Recent 1nten51ve efforts to fabrlcate hard superconduc Or'S have opened up a w1de

ac flelds, but additional 4 :
This problem S esser f,; /] Z 1ve ev ergy sterage eleme» S, 1n
addition to essentially infinite Q mductors It is thus of interest to investigate the behav-
ior of superconductmg materials carrying ac currents in the presence of ac magnetic
f1elds As well as establlshl g the merlts of superconductlvny matenals in mductor

1,n51ght into the mechamsm of superconduc 1v1ty
Present 1nvest1gat10ns deal w1th superconductmg materlals in the form of wire or

(1) The current-carrying capac1t1es of short, stra1ght lengths of superconducting
wire or ribbon are being determined as a function of frequency in the range up to 10 ke.

{ii) A-C solenoids, fabricated to avoidelectric eddy currents and insulated to aceom-
modate electrical fields arising from BB/BT effects, are be1ng tested. In both cases,
the ac current required for transition to normal conductivity is obtained and, in the case
of solenoids, the measurement of Q is being attempted.

A third investigation is planned to obtain data on the behavior of superconductors in
an externally applied ac field. These will be derived either from a rotating magnet sys-
tem or from a separate copper-conductor ac selenoid.

The work is, at present, experimental in character, but future theoretical studies

are envisaged. W. D. Jacksen, A. N. Chandra, C. R. Phipps, Jr.
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W measurement there is; in fact a close relatmn te the f1e1d of magneto-
‘The scope of the group; however, is rather broader than this topic

gh ¢
(elrectromagnetlc or magnetohydrodyna ic, ultrasomc and thermlstor) as a prehmmary
approach to the study of the characteristics of blood flow. A second aspect of our work
tion and analysis of the mechanisms responsible for the regulation of

cardiovascular functions.

W. Di Jackson
A. WORK COMPLETED
1. THE EFFECT OF SWIRL ON THE ELECTROMAGNETIC FLOWMETER

This research hag beén completed by H. D. Meyer and tlie results have been accepted
‘by thé Dépérffﬁéﬁt of Me-cfhanical Engiﬁéering, M. I "f- ; asa 'tihes“is 1n pa‘rti:aul fxifli

.Septe,mber :1962- o o
‘ W. D. Jacksen, J. M. Reynolds HY
2. EXPERIMENTAL CHARACTERISTICS OF A PLASMA JET
This research has been completed by M. D. Leis and the résults have been accepted
by the Department of Electrical Engineering, M.I.T., as a thesis in partial fulfillinent

of the requirements for the degree of Bachelor of Science, June 1962, ,
' W. D. Jackson

3. BLOOD-FLOW STUDIES

The present phase of this work has been completed and the results have been acecepted
as theses by the Department of Electrical Engineering, M.I.T., in partial fulfillment
of the reguirements for the degrees indicated. .

P. G. Katona,'Analysis of Blood-Pressure Regulatlon Using Correlation Techniques,"
S.M. Thesis, June 1962.

J. R. Ellis, Jr., "Relative Merits of Certaii Chanriel Sections in Electromagnetic
Flowmeters," S. B. Thesis, June 1962,

J. E. Thompson, "Thermistors as Blood Flow-Rate Transducers," S.B. Thesis,
June 1962.

J. D. Cervenka, "Flow Measurement Using Point-Contact Electrodes," S.B. Thesis,

June 1962. 7
W. D. Jackson

Th1s research was supported in part by the National Institutes of Health (Grant
HTS-5550).
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B. EXPERIMENTAL MEASUREMENT OF THE THERMAL CONDUCTIVITY OF
CESIUM VAPOR

An experimental measurerent of the thermal conductivity of cesium vapor was made
by a4 variation of the hét-wire cell method.! The hot-wire cell was opetrated at 600°K.

At this teraperature level the heat transfer resulting from therimal radiation was consid-
erably greater than that resulting from thermal conduction. Because of this unfavorable
ratio of heat fluxes, glight uncertainties in the therinal emissivity of nickel covered with
a gurface layer of cesium ean result in large errors in the observed value of the therinal
conduetivity of the cesiim vaper. Two cells were therefore used to measure simultane-
oiisly the thermal conductivity of ¢esium vapor and the thermal eémissivity of nickel ina
rioderate -temperatiure cesium gas. The iwo cells were constructed §6 that thé heat
fluxes Fesilting from radiation were identical. End corrections for the finite-length
tubes were made initially by measuring the thermal conduetivitiés of air at room temper-
ature with each cell individually and with both cells simultanéously; as was done at higher
temperatures with cesium.

The therinal conductivity cells consisted of nickel wires, which weré used as both
resistance heaters and resistance thermometers, placed along the axis of copper tubes.
Nickel and copper were uSed because of their stability in a cesium atmosphere and their
availability.

The heat transfer” by radiation between a wire and a surrounding tube is

9 4
i B e T4, L
€w

Sl

w)
£

.<—!- - 1) % 0,18 and 0,24
A €t

\FFU

and

Ftw = 1.00.
Thus the difference in radiative heat transfer in the two apparatus operating at the same
tube and wall temperatures was 0.6 per cent,

End corrections for axial conduction along the wires to the ends were the same for
the two cells. The cells were operated at pressures low enough so that the effect of
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natural convection on the heat transfer rate was less than 0.1 per cent of that caused by
conduction: Convection amounts to I per cent of eonduction at a Grashoff number of 1570,
and 25 per cent at a ‘Grashoff number of 2200. 3 The Grashoff number in the presént appa-
ratus was approximately 12. The energy transferred by thermionically emitted electrons
O watt, well below the range of

in the cell was computed to be approximately 2 X 10
accuracy of the other measuréments. Errors attributed to misalignment of the heated
wire were 'cralc'uilafted to be less than 0.1 per ¢ent.

in the gas ~conductmn; Thus ;

@

Two measiiféments of the therinal conductivity of cesium vapor were inade with the
apparatus. The values obtained were 0.003046 Btu/hr ft°F at 1085°R (603°K), and
0.002946 at 1080°R (600°K). The average of these values is 0.002996 £ 1.6 per cent
(experimental scatter). For a Prandtl number of 0.7 and 4 specific heat that includes
the change in dimerization with temperature, the vi‘scosit‘y’ of ¢cesium vapor is calcu-
lated to be 0.0547 Ibm/hr £t (4.72 X 107 61bf sec/it?).

8: 1. Freediman, J. H. Sunuhu

References
1. J. H. Sununu, An Experimental Measurement of the Thermal Conductivity of
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2. W. H. McAdams, Heat " ransmv ssmn (MceGraw-Hill Book Company, New York,
3rd ed1t10n, 1954), —
3, E R G. Eckert and R M Drake, Heat and Mass Transfgr (McGraw-Hill Book
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C. WORK FUNCTION OF A CONDUCTOR

Finding many descriptions of the electron emission process very unsatisfactory, the
author presents a report that he hopes will resolve most of the problems, give a new
insight into the emission process, and help in predicting emission properties of materials.
Following is the author's concept of an electron emitting surface, which he is fiew
attempting to correlate with the large amount of existing experimental data.

It is assumed that the total potential energy change in removing an electron from a
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erystal is made up of three parts that add in a linear fashion: monopole work, dipole
work, and work against external electrogtatic fields.

Meonopole work is defined as the contribution to the potential enérgy change of an
electron (which is removed from a conductor) arising from interactions with induceéd
surface charges that aré induced by the escaping electron itself and not by external

into the surface eléctron ¢loud and inte the crystal: Monopele work is that contribution
to the total potential energy change which depends on the square of the electronic charge.
The name "monopéle work" is given becaiise these foreces vary as tlie ifiverse square of
the distance from the siifface.

Dipole work is defined as the contribution to the potential energy change of an elec~
tron (which is removed from a conductor) arising from interactions with permanent
surface electrostatic fields. To be precise, dipole work equals the charge on an éléc-
tron times the difference in electrostatic potential between the average potential inside
the conductor and the potential at infinity of a ¢onductor of uniform surface charactériss
ties. Thé name "dipele work" is given because these forees are caused by a surface
dipole or double layer.

External electrostatic fields are those fields caused by external sources and by
surface charges induced on the conductor in order to maintain a uniform average poten-
tial inside the ¢onductor.

It is well established that monhopole work contributes substantially to the total poten=
tial energy difference between an electron inside a conductor and the same electron out=

side the conducter (Schottky effect). The existence of dipole werk is a subject of consid-
erable debate and speculation, which the author hopes to resolve in part. Electrostatic

fields are generally considéred to exist around the cenductor se as to make the electro-
electronic charge. This point will be proved rigorously in the proof of Theorem 1.

Work function, for the purpose of this report, means the difference in energy between
fields at the surface of the conductor will not be considered in this treatment so that
questions of Schottky effect and the meaning of "just outside the conductor" are not diffi-
cult to answer.

THEOREM 1: The electrostatic fields that exist around an isolated conductor are
such that the difference in electrostatic potential between any two points near the sur-
face of the conductor equals the difference in work function between the two corres-
ponding regions of the surface, divided by the charge on the electron.

PROOF 1: Consider a process in which an electron at the Fermi energy is removed
from the interior of a conductor through a surface of work function ¢, moved through

an external electrostatic potential difference AY,,, and then returned to the metal at the
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Fermi enéigy through a surface work function by The change in energy for this proecess
is

4B = ¢y + ell, - 4.

But; if the Fermi energy is uniform throughout the metal, the energy change must equal
Zero. Therefore,

Since the process can be carried out through any two regions of the surface, the proof
is completed.

‘This result i not surprising if one femembeérs the thermodynamic definition of work
function (which, incidently, agrees with the definition stated above when the definition of
p is chosen to agree with the statistical mechanical definition)

$= =€V,

Here, Vis the electrostatic potential that exists just outside the surface in question, and
u is the chemical potential of the electrons in the conductor.

THEOREM 2: The variation of work function with the nature of a surface must be
caused by a change in the surface double layer. Theé monopole work associated with
any surface of a conducting material of uniform composition is independent of the details
of the surface.

PROOF 2: In a conductor of uniform composition the average electrostatic potential
in the interior is constant. Therefore, the net field from all external sources and surface
charges, taken together, must be zero inside the conductor. However, in the proof of
Theorem 1 it was shown that the electrostatic potential varies as the work function just
outside the conductor. In order to satisfy Maxwell's equations; there must be a. surface
double layer whose strength varies as the work function. That is, the dipole work associ-
ated with a surface varies as the work function.

The work function equals the monopole work M, plus the dipole work D, minus the

electron degeneracy energy §.

¥

%= My + D= &

Since the dipole work varies as the work function and the electron degeneracy energy
is constant, the monopole work must be constaft and therefore independent of the details
of the surface, which was to be proved.

When an electron has first entered the electron cloud of the surface, and before it
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has reached the first plane of nuclei, it is repelled by the electron cloud and is attracted
by the nuclei. This is the region of the surface dipole layer. ‘The field of an electron

is given by

14.4

-y,
r‘z

E--

where E is in volts per angstrom and r i ih angstroms. FElectroniec separatiorns are of
the order of angstroms, as is thé thickness of the dipole layer. This is adequate to pro-
vide the several electron volts of dipole work that is necessary to explain a work«finetion
variation of an electron volt from one crystallographic surfaceé t6 another.

Since electrie fields exist outside thé conductor, biut fot inside, thére also must be
a surface charge equal to the external field times the permittivity of frée space. The
surface charge is an iiduced charge and is depéndent on the distribution of the work
function over the surfaee of the conductor, as well as the presence of eéxtérnally applied
fields, whereas the double layer is permanent and determines the work function.

Theorem 2 rests hieavily on thé assuinption that the work function is made up of two
parts, that is, monopole work and dipole work. At the present time, it is not at all
clear whether or not this assumption is warrentéd. Other terms may be important.
However, ahy other terms that do prove to be important can be formally ¢ombined with
the monopole work, and the important result of Theorém 2 is préeéserved: the variation
of work function with the nature of a surface must bé caused by a change in the surface
double layer, alone.

It is generally recognized that a close-packed surface has a larger proportion of
electrons outside the first plane of nuelei than a less densely packed surface, and there-
by presumably has a stronger double layer (and therefore higher work function) than a
less densely packed surface. Also, a close-packed surface has more nuclei per unit
area to produce a stronger double layer. This prediction is in qualitative agreement
with many experimental observations. Calculations are now being made to relate these
ideas to the experimental data in a quantitative fashion.

The determination of the electron distribution near the surface of a conductor covered
with an ionizable adsorbed film is a difficult problem. Seme guess must be about the
nature of the adsorbed particles. Are they atoms, ions or something in between? Rasor’
assumes that surface particles are either atoms or ions in a number given by their
thermal excitation probabilities. In effect, Rasor calculates the modification of the dipole
work by the adsorbed particles. It is the author's belief that this is the reason for Rasor's
striking success in computing the change in the work function as a function of surface
coverage. The change in the dip.eie work equals the change in the work function.

Figures XV-1 and XV-2 show schematically the thermionic emitting surface des-
cribed in this paper. Figure XV-1 shows a bare metal surface; Fig. XV-2 shows a
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surface partially eovered with ionizable atoms (positive iohs shown). A few gurface atoms
are ghown; the conductor is te the left; free space tothe right. 'The potential énergy of
an electron i§ plotted against the distance nérmal to thé surface x, measured from the
effective plane of the surface charge mentioned in the Schottky model. The potential
energy; shown smooth inside the conduetor, is the avérage potential energy used in the
freé-electron gas approximation. The eléctrostatic potential tirnes the electronic charge
is also shown plotted against the diStance normal to the sitface.

The Fermi energy is shown, as is the Fermi surface; that is, the surface on which
Ferr

 electrons have their classieal turning point. A physical interpretation is given

of the Schottky cutoff distance Xgs

where x_ is in angstroms, and ¢ is in electron volts. The distance, %, is simply the
distance between the effective plane of the surface cha¥ge and the Ferini surface.

The electron degeneracy energy ¢, and the monopole work M, both béing functions
of the substrate compostion alone, are shown. The work function ¢ and the dipole work

M. F. Koskinen
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D. POWER FLOW IN THE MAGNETOHYDRODYNAMIC INDUCTION MACHINE

The magnetohydrodynamic (MHD) induction machine, shown schematically in Fig.XV-3
and a channeled electrically conducting fluid to convert energy between mechanical and
electrical forms. In principle, this type of machine is analogous te conventional rotating
induction machines, and accordingly the well-established features of asynchronous oper-
ation apply te it. This report presents a generalization of previous work % to a magnet
core of arbitrary permeability and conductivity.

1. The Model

The model to be analyzed is shown in Fig. XV-4, The fluid flows in the x direction
between two parallel exciting plates of infinite extent in the x and z directions, a dis~-
tance 2a apart. The fluid velocity is assumed to be constant and in the x direction (slug
flow) to uncouple the electromagnetic and fluid equations and thus allow an analytical
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solution to be obtained. The region outside the plates is filled with a core of permeability
# and conductivity ¢ . The exciting plates, separated from the fluid and core by insu-
lators of infinitesimal thickness to prevent currént flow in the y direction, are assumed
thin so that they can be replaced by current sheets with a surface conductivity o = o b,
where b is the plate thickness and o the material conductivity. The plates are driven
by 4a current source that gives a symmetric surface ciirrent density

PHASE i PHASE 2

/oo FLUID FLOW

Ty
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K= 1Z_NI ©os (wt=Kkx), {1)
which represerts a traveling current wave of amplitude NI, frequency w, wavelength \ =
2m/K, and velocity Vg = w/k. The surface current is considered to bé produced by a
density N and peak current I. Only two-phase excitation is considered, since, as shown
by White and Wooedson; 3 an n-phase system can beé réduced to a two-phase equivalent:

2. Electromagnetic Fields

The éléctromagnetic fields are determined from Maxwell's equations with the usual
magnetohydrodynamic approximation of neglecting displacement ciirrents. Assuming
constant velocity eliminates the need for the fluid equations. The analysis is simplified
by the use of a vector potential A and a scalar potential ¢ defined by

B=Vx4A& 2)
E=- V-5 @)

Noting that Ohm's law in a moving fluid is 7 = ¢(E+vxB) and substituting Eqs. 2 and 3
in Maxwell's equations gives

V4A - o —%‘?‘- + peVXUXA) = 0 (4)

. %

Ve -pogr=0. (5)
Here,

VRt pae=0 (6

has been chosen to uncouple Eqs. 4 and 5. The x- and t-dependence of all quantities
must be as ej‘(wt"km from the excitation and boundary c;:onditiéns. This will not be indi-
cated explicitly. A is due solely to currents, so that it, as well as J, is in the z
direction and independent of z. The inclusion of all components of A will not affect the
fields obtained.

The vector potentials in the fluid and core, from Eq. 4 with the conditions that the
normal magnetic field is continuous across the boundary and the tangential magnetic
field is discentinuous by the surface current, are

A a #gNI cosh yy
3 :

Ag = 1, Y 5inh va + a6 cosh ya (7

-\ Tz!"-fN.I e~8ly-a)

ATy Tanhya 7 8

sy=a {8)
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where

v2 = sz(1$stM)‘ 9

8% = K2(14iRy ) (10)

s 1z)

BT 2V
Htls (13)

(14)

The subscripts f, ¢, and ¢ are used to denote fluid, core, and exciting plate guaritities;
respectively. s is the slip in terms of synchronous speed vy, Ry, and Ry,  the fluid and
core magnetic Reynolds numbers. sRy, indicates the magnitude of the field-fluid inter-
action.

In the exciting plates E_ = NI/o_. The scalar potential in the sheets, from Eq. 3,is

(15)

The scalar potential is zerd outside the exciting plates. Note that the tangential electric
field is not continuous across the boundary. Its discontinuity, however, serves only to

determine the dipol¢ charge layer on thé insulating strips.’

3. Electrical Impedance

The electrical characteristics of the MHD induction machine are conveniently
expressed in terms of the impedance observed at the terminals of an exciting coil. The
impedance may be obtained from the voltage measured between the coil terminals

A XHEN ,
V=2 S (AV) N cos kxdx, (16)
Y
where AV = ¢ _(z) - ¢ (z+c) is the voltage across a single wire and the integral represents
the sum of AV over a coil that is considered to be a wavelength long and of depth ¢ in the
z direction. V is twice the integral because each coil is made up of twe sections located
above and below the channel, as shown in Fig. XV-4. The equivalent resistance and

inductance are
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un

(18)

19

and Re and Im stand for the real and itnaginary part of the quantity in the brackets. If
Eqs. 9 and 10 are substituted in Eqs. 17 and 18, it is séen that, excluding the terin
depending on ¢, the normalized ratios R/R o and L/L " depend on only five dimensionléss
parameters: s, Ry, Ry, @, and ak. Since & appears everywhere multiplied by ¢,
and since Be » g for a good core, the effect of core loss is small.

For a sht channel ya « 1, and by assuming a lossléess core ahd exciting ¢oils (c =0,

s@e-co;), the eguations ¢ah be written apprgxlmately as

--——R = ‘(t*il: ) Lo §RMa (20)
R, etak/ . 2p2
Q 1 > Bile

== = s (21)
Ls

where
R’M’q = (22)

is the pertinent magnetic Reynolds number. The functional dependance is the same as
for the ideal core slit-channel casez except for the replacement of RM by RMa’ The
difficulty with a nenideal core is that it is much harder to obtain a large RM , RM <R

la =~ "M’
and this results in peorer performance.

4. Power Flow

Relations are obtained for the time-average real power flow in an MHD induction
supplzl,ed by the ~exc1tmg w,ltndmgs to the f.lu;;d,, the rgal ‘pa,rt, of the surface mt,e,gral of
Poynting's vestor over the fluid, is

P, Im {ky tanh va}

* X '
S (y tanh yata$)ly tanh y‘*“a*aé*)-

where
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;pwaszfz?cﬂ

Po=-——ﬁ'—-'—”w

(24)

‘The mechanicial power output P e’ and the power dissipated in the fluid, P are

x+ /op 4

P S‘ S < >v dxdy = (1-g) P (25)

; 7.7 .

T W (26)
§Vol v

where< Z§'> detiotes the titne-average pressure gradient. These are identical with the
power relations obtained for rotating induction machines when P,S is identified as the
"gap power".

The power dissipatéd in the core because of its finite conductivity, P o 18 found in
thé sarne mannetr as for iP, to be
P, Im {a k6}

c {27)

(y tanh ya+a6)(y tanhy a+a6 )
The power dissipated in the exciting coil, analoegous to P, is

X+l ¥

‘ (28)
€ Jg 8

Note that for £ = )\, P = I R and P o+ P 4 P = {I"Z'R, as expected.

The efficiency of the 1nduct10n generator power out divided by power in, i§
P,+P_+P B )
~2enC L. where P_ and P are negative for generator operation (s<0), while P
and Pe, power losses, are always positive. For a lossless coil the efficiency is

-1 _ Im
"g*T-% {1 ¥ imivt

ad) é 2.9
anhyayj’ 5 <° 29

in which the term in brackets is less than or equal to 1. For a lossless core, & real,

this reduces to the efficiency found previously for a slit-channel machine with an ideal
2
core.

E. 8. Pierson
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COMMUNICATION SCIENCES AND ENGINEERING
XVI. STATISTICAL COMMUNICATION THEORY®
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Prof. D. J. Sakrison J. D. Bruce D. E. Nelsen
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M. E. Austin T G K1nca1d W: S. W1dna11

RESEARCH OBJECTIVES

This group is interested in a variety of problems in statistical communication theory.

Our cuttrent research is céncerned primarily with the following problems:

\ SLmuple two-state miodulation system has been designed and is under study We
a theoretical invéstigation of the linearity of the system and of its noise per-
formance. ‘Thé systein - e applied to the problems of high-efficiency power amplifi-

¢ation and regulation; multiplicatioh, and low-freéquency tape recordings.

2. 'The study of factoers that influence the recording and reproduction of sound con=
tinues. The relative roles of the normal modes of the reprodiucing room and of the
transducer are under investigation.

3. In the Wiener theoty of nonlinear systems, a nonlinear Systém is ¢haracterized
by a set of kernels. A method for the determination of these kernels was reported i
Quarterly Pr 'g‘ 3 Report No. 60 (pages 118-130). Work on the method; both theorets

output of a s_yste ,by a geries of orthogonal functmn; w1th the mput of the system
being a white Gaussian process. An attempt is being madeé to extend the orthégonal rep=
resentation t6 other types of inputs that may have advantages in the practical application
‘of the theory.

5. A study is being made of the various aspects of error in f11termg when the noise
is additive and statistically independent of the signal. Emphasis is placed on nénlinear
no-memory filters,

6. Noise sources in space can be located by means of higher order correlation func-
tions. A study is being made of the errors, caused by finite observation time, incurred
in locating sources by this method.

7. Many physical processes can be phenomenologically described in terms of a large
number of interacting oscillators. An experimental investigation is being made of some
theoretical results that have been obtained.

8. A nonlinear system can be characterized by a set of kernels. The synthesis of
a nonlinear system involves the synthesis of these kernels. A study is being made of
efficient methods for synthesizing these kernels. » '

9. The advantages of pseudo-noise carrier systems are well known. One disad-
vantage 1s the large bandw1dth requlrement This dlsadvantage can be compensated for
If one uses a 51mp1e demodulatlon scheme for a part1cular channel, the other carners
act as additive noise. By using a more soph1st1eated demodulation scheme, this inter-
ference can be reduced. An experimental system is being constructed.

Th1s work was supported in part by the National Institutes of Health (Grant
MH-04737-02).
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10. A reasonably simple adaptive; coherent, binary communication System has been
developed and analyzed Theoretical results indicate that even in ¢hannels with reason-

ably fast fading there is an appreciable improvement over a conventional in¢oherernt sys-
tem.

11. Experimental work on threshoeld effects in phase-locked loop discriminators
contimies:
12. Interesting resulis pertammg to the analysis of nonlinear, randomly time-variant

systems have been obtained. Work in this area continues and some experimerital verifi-
‘cation on typlcal systems is planneéd.

Y. W. Lee
A. THE SYNTHESIS OF A CLASS OF NONLINEAR SYSTEMS

In the Wienetr theory of notlinear S?ysi:ems,l a riénlitiear sy&tem is characterized by
a set of kernels; »hn. For a Gaussian input, thé kernels can be determined by crosscor-

2,3

relation.”” If only N kernels are useéd to characterize the nonlinear system, then the

resulting representation can be expressed in the form of a Volterra series
F(ty = Z So ci SO ki;l)‘(.rl“" e Tﬂ') X(t—Tl)‘ ces x(t—rn,) derl v *vzl-r’,];;1 (1)
n=1

in which y{t) is the responseé of the nonlinear system for the input x(t). If the system
is realizable, then

k%nﬁl" ceesT ) =0 for any -:ri< 0, §j=1,2,...,n. (2)

A probléem in the practical application of these results is the Synthesis of systems whose
kernels are the ke-rnels, kn, of the Volt’erra series. If an ,rithéard'er kernel of a system
then the system can be synthesized in the form depicted in Fig. XVI-1, The system is

one in which the outputs of the n linear systems with impulse responses ‘k,a (t) are
“i

Fig., XVI-1. Synthesis of an n®.order separable kernel.
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multip*lied together Howevér,- in ge'néra«l a ke‘rh'e‘:l 1s not Se'p'a-ré.ib*i’é~

A méthod sug-

as the Laguerre filnctions ;l Thus, if {iﬁ (t)} is the set of Laguerre func-,tmns ; then

00
k 1(1 ,1) = Z <, L)
n=0
00
-0 n, -0 P

2

‘90.

. . o
kN(Ti....,TN-') 2 z .o Z Cn e sal ln‘ (‘i'l) e
~ Nl L | N "1
,nN:Q

(ks
'n1=° nN

in which

(>0 ( OC
cnl’ y ”np = So - So ‘kp(fl, ces, 'rp.) _lhl(*rl) . lap‘(*’fp) 'dfl . ldfr_p. (5)
The synthesis of a first- and a second-order kernel in terms of Eq. 4 is depicted in
Fig. XVI-2. However; the synthesis of a given system by this procedure will, in gen-
eral, réquire an infinite number of multipliers. In this report, we shall present a

method of determining whether a system can be Synthesized by using only a finite number
of multipliers. We also shall present a method for the synthesis of such systems. To

éxplain the method, the analysis of a system with only a second-order kernel will be

1. Second-order Systems with Only One Multiplier

We shall first discuss the class of second-order kernels that can be synthesized by

means of only one multiplier. A system consisting of only one multiplier whose kernel

is clearly the most general second-order kernel that can be obtained is depicted in
Fig. XVI-3. The second-order kernel of this system is

~ 90
k(7 o7y) = XO k, (v, =0 k7, 0) k (o) de. )

The kernel transform of this system is the two-dimensional Laplace transform of its
kernel:

~8.T,°5,T

K,(s.8,) =S;)‘ go kyrpr)e D12 2dr dr, =K (s)) Ky (s,) K (s, 45,), )
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Fig. XVi-2. (a) Synthesis of a first-order kernel by means of Laguerre functions.

(b) Synthesis of a second-order kernel by means of Laguerre functions.

Ak L —
_l_. x \ ke (1)
L_ k() L7 —

Fig, XVI-3. The most general second=-order
kernel with only one multiplier.
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~® -5 |
K(s) = 5”0 kit) e at, :

so that K (s); Ki(s), and K (s) are the transfer functions of the linear systems with

impulse responses k_(t), k (t), and k {(t), respectively. To facilitate our discussion,

we shall write the transfer function, K(s); of a linear system in the form

The zeros of P{s) are the zeros of K(s), and the zeros of Q(s) are the poles of K(s).

Note, however, that P(s) and Q(s) are not necessarily polynomials in 8. In terms of

Eq. 9, we can write the kernel transform, K,gf(“s 1,,52;), as given by Eq. 7, as

2 = Ic; :ZI; Z"f?;z I: :2: (10)
1 2 2

K, (sl,s

2. Second-order Systems with N Multipliers

We now note that a system consisting of N multipliers, whosé kernel is
the most general second-ordér kernel that can be obtained, i one whose output

Fig. XVI-4. The most general second-order kernel with N multipliers.

is the sum of the outputs of N systems of the form depicted in Fig. XVI-3:
Such a system is shown in Fig. XVI-4. By use of Eq. 6, the second=-order kernel
of this system is

k (1'1,1'2) = Z o') kb (1' -0} k (o') do, {11)
=1
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and from Eq. 7, its kérnel transfoirm is

K,is,5,) = Z K, (20K (55) K (5,95,). (12)
nzl

By use of Eq. 10, the kernel transform can be wriitén in the form

N P (s )Pb (sz) P (s, +s2)
©7 il ) _n (13)
Rylspssp) = 2, q, <s 7Q, 5,0, (s el (L
b T2 2
h=1
The Sum of the seriés of Eq. 13 is of the form
K (s 15,) = 2e2] (14)
Ko{8:85) = = (14)
V71772 Qz lsl,sz_)

Thé zeros of P (sl,s ) are the zeros of K, (sl,s }; and the zeros of Q (sl,sz) are the
poles of Kz(sl,sz) From Eq. 13, we note that

2(sl,sz) = Z R (sl) Rb (sz) R (s +sz), (15)
fiz} ‘

(8)=P A‘S) Tr . a=a, bore {16)
E ? ;:ﬁn_ J
and
Qyls:8,) = F () Fi(s,) F (s, +s,) 17)
in which
F (s) = Tl\]l— a=a, borec. (18)
n=l "n

Thus Qz(s],sz) is expressible as the product of three functions: a funetion of s !
function of sz, and a function of (s +sz), also, P, (sl,s ) is expressible as the sum of
N such products,
We note that if N multipliers are used to synthesize a second-order kernel, then
the second-order kérnel transform must be of the ferm
N
E) R' (Sl) Rb (sz) R (s +S.
K (s.,s,) = nsl ‘n
28152 = S F B EE, T KERE

2)

{19
ny (19)
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then it can be syntliésized by means of N multrplre,rs.

3. Illustration of the Method of Synthesis

We shall illustraté, by means of two examplés, a procedure by which this synthesis
€an be accomplished.

As our first example, we desire to synthesize the following sécond-order kernel
transform:

Ky(s48,) =
sZs +4s 1285, +5 sz+2s2+125 +48
o 518y 1 S1 2 "5i%2 T %% 1 (26
- 7 2 AR &
1s2 + 4s + 12s1s2 + sls + Zs + 32s + ZOSZ + 48

Thus Qz(sl,sz) is express1b1e in the form F (Sl) Fb(sz) F (s +s, ) To determme thes‘é
three functions, we first let §
of F,(0) Fy(s) F(s). Thus,

1 20 and 85 £ §. Then the zeros ef Qz(o 8) are the zéros

25% 4+ 208 +48

F,(0) Fifs) Fls)

n

2(s+4)(s+6). (21)

Second, let s, =5 and s, =0. Then the zeros of Q,(s,0) are the zeros of

F,(s) F(0) F (s). Thus,

Fa‘;(5,) F,b',(‘o:) F (s)=4s" + 325 + 48

= 4(s+2)(s+6). (22)
Third, let 8) =8 and s, = -8. Then the ‘zeros of Q,(s,~s) are the zeros of
F(s) Fy(-s) F _(0). Thus, '
F_(s) F,(-5) F_(0) = =65 + 125 + 48
= bls+2)(-5+4). (23)

By comparing the common zeros of Egs. 21-23, we note that

F (s) (s+2)
] ,b(s) = (s+4) (24)
F (s) - (8+46).
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so that
Q,ls 1#8o) = (] 1 +2,):"(:s‘,2+4;)3‘(‘s~ 15, +6). {25)

By substituting Eq. 25 in Eq. 20 and expanding by partial firactions, weé obtain

(26)

Ralepsy) = 1 - s ans; 7 s, 700 -

1
Figure XVI-5 depicts the systém whose second-order kernel transform is given by

For our second example, we desire to synthesize a second-order system whose
second-order Kernel is

( —ar.-br,
e ! % forosw <er,

1 2 (27)

othérwise
in which 3 > 0, b > 0; and ¢ > 0. To accomplish this, we firgt must determine the
second-order kernel transform, K,(8,:8,)-

Kzi(*svl,-sz): = S dt, 7:‘ dr, € e

v [o] ol

(28);

We note that for ¢ # 1, the second-order kernel transform cannot be synthesized with
a finite number of multipliers. This can be seen by assuming that the denominator,

of squarer | —

-1

Fig. XVI1-5. Second-order system whose Fig. XVI-6. Second-order system whose
kernel transform is given by kernel is given by Eq. 27 for
Eqs 26- c= 1. i

Q,(s,.,8,), can be expressed in the form F (s,) F (s,) F_(s,+s,). Then, by following
the procedure used in our first example, we have ’
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Furthérmore, if 4 second<order kérnel transform is expressible in the form of Eq. 19,
then it ¢an be synthesized by means of N multipliers.

3. Ilustration of the Method of Synthesis

We shall illustrate, by means of two examples; a procedure by which this synthesis
ean be accomplished.

As oUr first example; we desire to synthesize the following second-order kernel
transform:

szs +4sz+1\25s +8 sz+Zsz+12s +48
. 12 £ 12 12 2 . 20)
=z 2 AP (z0)

12-i-4$ +125 s2+slsz+?.2

* 3ZS + 2082 + 48

This keérnel transforin can be synthesized by means of a finite number of multipliers.
Thus Qz(sl,sz) is expressible in the foerm F (s 1) Fb(sz) F (s +Sz) T6 determine these
thrée functions, we first let s i= = 0 and ,s2 s Then the zeros of QZ(O,S) are the zeros
of F_(0) F,(s) F(s): Thus,

2sz + 208 + 48

i

FS(JQ)‘ Fi(s) Fc(s)

2(s+4)(5+6). (21y
Second, let §; =5 and s,=0. Then the zeros of Q,(s,0) are the zeros of
F,(s) Fy(0) F(s). Thus,
F,(s) Fy(0) B (s) = 45° + 32 + 48
= 4(s+2)(s+6). (22)

Third, let s
o (s) P

1 =8 and s,
-8) F (0) Thus,

2 = 8- Then the zeros of Q,(s,~s) are the zeros of
bt

F,(s) Fy(-s) F_(0) = -65% + 125 # 48

b
R, (23)
By comparing the common zeros of Eqs. 21-23, we note that
Fa('s) £ (842)
{Fb(’ﬁ‘)ﬂ‘ = (s+4) 3
F_(s) = (s+6)
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so that

Qyls ju5,) = (8 42)(s, +4)(s | +5, +6).

(25)
20(s S 2)

By substituting Eq. 25 in Eq. 20 and expanding by partial fractions, we obtain
K(S:S Y1 - T
2V P2 Cs1;+=2,):(s32+4,)«(fsi“+s,2‘+6,j

(26)
Figure XVI-5 depicts the system whose second-order kernel transform is given by
Eq. 26.
For our second example, we desire to syntliésize a secondsorder system whose
second-order kernel is

([, Bm17PT
1€

for 07

] 0]

otherwise
in which a5 0, b > 0; and ¢ > 0.

(27)
second-order kernel transform, K,(s,.5,).

To aceoimplish this, we first must determine the

o ‘w ) C‘Fz ) !""a‘rl—b-r

1 €
0 1

2 T51M1™%"
e

(28

a finite humber of multipliers. This can be seen by assuming that the denominator,

—~{ SQUARER |-

w
+
N

| i

i
|1

Fig. XVI-5. Second-order system whose

«
)} +
kS

“VV-.‘
~ =

e

kernel transform is given by
Eq. 26. '

Fig. XVI-6. Second-ordér system whose

kernel is given by Eq. 27 for
c=1. )
QZ(S‘ 1',5‘2’)9 can be expressed in the form F a(s N Fbl.(sz)l FQ(’S 1+s
the procedure used in our first example, we have

o). Then, by following
QPR No. 68
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Q,(8,0) = bibtac+es)
Q,(0,5) = (b+s)(btac+s) {29y
Q,ls;~s) = (b=s)(bt+actes~s)-

For ¢ # I, the Egs. 29 have no common zéros and thus the denominator, Q,(s,.s;)

carnnot be expresseéd in the form as given by Eq. 17.

-1

”’\ /' 'n, 'A'v -—" IR L. L P
K,(s).8,) = (6%s,Mb¥ats  #s,)

(30)

This second-order kérnel transform ¢an be synthesized as shown in Fig, XVI=6.
4. Systems with Higher-Order Kernéls

We now note that our results for second-order systems can bé extended directly to
higher=order systems. For example, a System consisting of only twe multipliers whose
kernel is clearly the most general third-o6rder kernel that can be obtained is depicted
in Fig. XVI-<7. The third<order transfer function of this systemi is

K3(:sl,s,2,ss3;) =K (s)) Kb:§s.2), :Igé;(51$sz>) Kd(s 3-:)‘» Kéf(‘slfs,zwr:s NE {31)
Thus, if 2N multipliers are used to Synthesize a third-erder transfer function, then it
aust be of the form

2485)
— (32)

‘K3(Sl:$2os3) =

Furthermore, if a third-order transfer function is expressible in the form of
Eq. 32, then it can be synthesized by means of 2N multipliers. A procedure

—{ -‘kd(zf«‘) i

: n'k_,e\(it), —

o k)

il

Fig, XVI-7. The most general third-
order kernel with only two
multipliers.
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by which this ean be accomplished is similar to the oné described for the synthesis
of Secéond-=order systems.
M. Schetzen
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B. MAXIMA OF THE MEAN-SQUARE ERROR IN OPTIMUM NONLINEAR NO-
MEMORY FILTERS
1. Introduction

his report we are interested in the problem of mean-square filtering for the class

of no-memory filters shown in Fig. XVI-8.
We consider the case

x{t) & mlt) + nlt)

z(t) = mi(t),
in which m(t), the meéssage, and n(t), the noise, aré statistically independent. For this
case we have obtained and reported eprevifeuslzyl a relation between the amplitude proba-
bility density of the input and the characteristic of the optimum nenlinear no-memory
filter. In the present report we use those results to derive a simple expression for the

INPUT x(1) | NONLINEAR | OUTPUT y{t),
%] NO-MEMORY |
| FiLTER

ERROR e(t)

1 DESIRED OUTPUT 2 (1)

Fig. XVI-8, Filter operation considered in this report.
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resulting meah=square error in the cases of Poissen noise and Gaussian noise.
In the cage of additive Gaiissian roise, this éxpressgion involves only the amiplitude
probability density of the input and its first derivative. We take advantage of
thig& characteristic to find the inessage probability density cortrésponding to the
largest meéan-square error in an optimum nonlinear no-themory filter urider the
constiraint that the average message power be constant. The resulting rmniessage
probability density is Gaussian.

2. Expression for the Mearn=Square Error

The relation between the probability density of the input of the filter and the charac=-
teristic of the optimum nonlinear no-memory filter which we obtained previously is
repeated here:

Be-go] atx) = { atx)) doxeex ) dx,.

Here, q(x) = p, .. (x) is the amplitude probability density of the input, gix) is the opti=~
mum nonlinear no-memory filtér characteristic and

in which P_(t) is the characteristic function for the noise. Note that We use an integral

sign without limits to indicate integration from =0 to 40, We can express g(x) in terms
of q(x) by writing

oy o xRy iy

Whenever f(x) is a singularity function, this relation for g(x) leads to a simple expression
for the mean-square error in terms of q(x), the input probability density. The two well=
known, nontrivial noise characteristics that give a singularity funetion for f(x) are
Gaussian noise and Poisson noise. We shall use the following expréssion for the mean-
Square error:

2 , N
& = m.z’ - ‘S’gz:(’x.') q(x) dx,

in which m® is the mean~-square value of the message. This expression is obtained
without difficulty by using the known result that the error resulting from the optimum
mmean-square filter is uncorrelated with the output of all nonlinear no-memory filters
with the same input.
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a. Poisson Noise

sk
P(x:k) = %T e X

Medt=1)
Pt) = féM‘e b

hence

8x) = Nu(x=1),

and

[

Since

S xq(x=1) dx = §‘(‘x+1‘)‘ci‘(ﬁ>"sr) dx=m +X +1

and

{*Pap ax = m® £ 2% 280,

then we have

é"z =\ 422 =22 S-fl_ix__lj

Equation ! holds whether or not the message has zero mean.

b. ‘Gaussian Noise

P {x) == L exp -3‘-2)
; N2n o \ 206/

[ 622
P {t) = expi~ 3= |,

hence
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f(x) = ~o"u(x)

2 e®
glx) = o q(x) ¥ X,

2, el 7 |
E =m®- S[o’z—q(f)- + x] q(x) dx
Since

S‘ x2q(x) dx = m? + ¢

‘a,nd',
g xq'(x) dx = xqta)| 7 - S qx) dx = ~1,
then we have

L8 2. 4 :T‘Q‘EZ’FX’

3. Maximum of the Error under Constraints for Additive Gaussian Noise

Since we have an expression for the mean=square error solely in terms of the input
probability density, we ¢an find extrema of the error under ¢onstraint by the method of
calculus of variations. We shall coiisider, for the present, a power corstraint on the input.

a. Power Constraint

We consider here a filtering problem characterized by additive Gaussian noise of
known average power. We consider all possible messages of fixed average power, and
in each case use the optimum nonlinear no-memory filter in the mean-square sense to
separate the message from the noise. We now undertake to find the message probability
density that gives an extremum of the mean-square error. Since the message and the
noise are statistically independent, a constraint on the input average power is equivalent
to a constraint on the message average power, and we write

S‘ xz-q,(x) dx = mz + 02.

‘Other constraints are
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gq(x) dx = 1

qlx) =0 for all %

We take ¢are of the last consgtraint by létting

yzf‘(-x}‘ 2 q(x),

and we have

—3 o
& = —ao* (yP o @

Because q(x) is the result of convolving a Gaussian probability density with the message
probability density p_(x), we would need another constraint on q(x) to ensure that p_ (%)
is positive. However; this constraint cannet be handléd analytically, and we shall have
to seléct among the solutions obtained for q(x) these leading t6 an accéptable probability
density. In terins of y(x), using the Lagrange multiplier, we look for extrema of

Js S[v‘z " Ixzyz +x2yz } dx,

in which \; and \, are Lagrange multipliers. This leads to the following Euler-

Lagrange equation:
I N JU N s
v +y xlx +)§z; = 0, (4)

We have obtained here the Weber-Hermite differential equation. Since we are logking
for solutions that are square integrable, we have the boundary conditions
y=0 for |x|=w.
The differential equation has solutions that satisfy these boundary valuES'z only if it is
in the form
dzy* [ +3 uz] 0 (5)
— typ g T = (5)
duz 2 2 )

in which n, a non-negative integer, is the eigenvalue. The corresponding solutions or
eigenfunctions are the Hermite functions

in which H (v} is the Hermite polynomial,
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G2
s a2 gl
Howh 2 -" ¥ L2

dv®

To put Eq. 4 in the form of Eq. 5, we let x = cu, in which ¢ ig a constant, and thus
obtain the solution

Here, A, an arbitrary constant, appears because the linear differential €équation to be
satisfied is an homogeneous equation. The solution for the amplitude probability density
of the input becomes

It can be shown that the minimum of the iritegral § y'° dx that appears with a minus sign
in the expression for the mean-square error (Eq. 3) corresponds to the eigénvalue n = 0.
For n = 0 we have

4
;

qlx) = A% :exp'< X,

which is, therefore, the amplitude probability of the input giving the maximum mean-
We satisfy the constraints by letting A% = I/NZ¥ ¢, and ¢ = ¢* + m®. Therefore,

The probability density of the message now is

P {x) =-—_1—-— exp | == % 2 ]

Hence, when the noise is Gaussian and additive, and the message has a fixed average
power, the maximum mean-square error is obtained whenever the message is also
Gaussian, In such a case, the optimum no-memory filter reduceés to an attenuator and

15¢seY &
éaz = o'z - 0'4 *———q (X) dx = _E‘_?'_nﬁ_
VI (> B,
One might wonder if some interpretation can be given in the context to higher-order
eigenvalues and eigenfunctions (n = 1,2, etc.) which correspond to stationary values of
the expression for mean-square error.
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Although we did net obtain it by fehe ,present formu;latxon, an interestitig resilt would
be to find out whether a minimum of the optiraum mean-square error exists under the
game constraint: It is possible to show that an arbitrarily small efror can be achieved
unless additional constraintg are used. Work is under way in this area.

V. R. Algazi
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XVil. PROCESS ANALYSIS AND SYNTHESIS

Dr. M. V. Cerrillo J. 'S: MacDonald
Prof. H. J. Zimmermann Rita K. Toebes

RESEARCH OBJECTIVES

‘The research of this group for the past several years las been concerned with a
number of basic problems aimed at exteniding current concepts i eommunication theory.
Theoretical conecepts are being developed, and experimental ve cation is being sought
for some of the " subjective * aspects of the communicationi pfoblem.: In general terms,
these are problems that are roiutinely solved by the human brain. Without in any way
imnplying an attempt to understand the functioning of the brain, the research seeks to
establish explanations for somie of these subjective effects. The theory of symmeétry
has been used as a basic¢ tool in establishing 6rdeérs in certain classes of sub]ec .
Examples of the kinds of problem that are being studied are the characterization and
transformation of style in music and paintings.

M. V. Cerrillo
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Dr. €. L. Lia P. W. Hartman H. L. Yudkin

RESEARCH OBJECTIVES

This group continiés its investigation of sourceés that generate information, channels
that transmit it; and machines that process it.

Work 1s contmumg on the processmg of pi'

ctures by means. of computers ‘The broad
; s they apply
¢8 are the
ion syst ms, and the develo s capable
of perform é “human" operatlons such as noise reduétion, 1mage detection, and
quality im rovement

The efficient transmission of speech by digital means is also receiving Some attéen=
tion. The objective of this work is the early exploitation for speech éommunication of
digital transmission systems employing encoding and decoding.

During the past year, significant hew results have been obtained on the properties
of sequential encoding and decoding, and on feedback strategies for noisy two-way chan-
nels. Increased emphasis is being placed on the exploitation of these techniques in con-
junction with physical channels, and on the design of the necessary encoeding and decoding
equipment. Plans for the future include the development of acoustic channels capable
of simulating multipath and scattering phenomena of practical interest, and of encodmg
and decoding equipment sufficiently flexible to permit experimentation in real time in
conjunction with these channels.

An effort is being made to bring into sharper focus the relation between the newer
encoding techniques and older medulation schemes. For this purpose, the behavior near
threshold of frequency medulation and pulse-position modulation are being investigated
by experimental, as well as analytical, means.

Work continues, also, onthe structural characteristics of digital machines. A prime
objective of this work is the establishment of relations among the reaction time of
machine, the complexity of the data processing to be performed, the number of storage
elements, and the speed of the elementary components.

R. M. Fane, D. A, Huffman, W. F. Schreiber, J. M. Wozencraft

*Thls research was supported in part by Purchase Order DDL B-00368 with Lincoln
Laboratory, a center for research operated by Massachusetts Institute of Technology,
with the joint support of the U.S. Army, Navy, and Air Force under Air Force Contract
AF19(604)- 7400; and in part by the National Institutes of Health (Grant MH-04737- 02)
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A: PICTURE PROCESSING *
1. A STUDY OF THE PICTURE-SAMPLING PROCESS

Every picture -transmitting system involves a stage in which an electfic signal is
abstracted from a source image; and a stage in which the electric signal is converted
to another image. The first of the above-mentioned stages may be thought of as a
sampling procéss; and the sSecond as a filtering operation.

If the picture-transinitting system is one that sends a sequence of signal valies
(sampled data), the over-all system may be modeled as the block diagram shown in
Fig: XVIH=<l. While this block diagrarm is not a good description of all possible image-
transmission systems, many systems do fit our model. Noté that the input function is
a funétion of two dimensions (space) if the picture is a photograph; and of two spatial
dimensions and time for a real image. The present study is restricted t- still pictures;
thus the filters and functions are defined on two variables — they are two dimensional.

ELECTRICAL s
otenal;, T
VALUES

SQURCE, 1
PICTURE L2

Fig. XVII-1. Diagram of image-transmission system.

The purpose of this study is to investigate the effect of the impulse responses of the
two linear filters in Fig. XVIII=1 on thé quality of the transmitted picture. The exper-
iments will be performed with the digital television equipment buijlt by our group. ! The
filter used before sampling is synthesized by defocusing the scanner lens, and placing a
transparency on the lens. The impulse response of such an optical system is just the
transmittance distribution of the transparency on the lens. The linear filter that con-
verts the sample values into the final picture is a similar combination of defocused lens
and transparency in the recording camera,

References

1. J. W. Pan, U. F, Gronemann, T. S. Huang, J. E. Cunningham, and W. F.

Schreiber, Picture Processing Research Quarterly Progress Report No. 61, Research
Laboratory of Electronics, M.1. T., April 15, 1961, p. 133,

2. THE MATHEMATICAL FOUNDATION OF THE SYNTHETIC HIGHS SYSTEM

The Synthetie H_ighs_s‘1 system is a channel-capacity reduction technique that is useful
for efficient coding of television signals. Figure XVII-2 illustrates the logic used, and

Figure XVIII-3 shows waveforms illustrating the underlying principle. Figure XVIII-3a
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VIDED (s [OWS p————. . . .
N LOWS 7
~ |€DGES \Q

] Lowpass. P
TG | e CHANNEL

'

. VIDEO OuT.

L p— [run-ieneTH |
Lel epce pETECTORY | | DECODER |
Run-LenGTR ] | SYIEnE =

|_CODER | eenEraTOR |

Fig. XVIII-2. Diagram of Synthetic Highs system.

is an exemplary video sighal. The low-frequency componeént (Fig. XVIII-3b) is trans<
mitted conventionally. The edge detector is essentially a differentiator, giving the

output, (Fig. XVII-3¢). This signal is trafismitted by some form of run-length coding,

put back in real time by the decoder, and applied to the synthetic highs generator (a
linear filter) to produce the waveform (Fig. XVHI<3d). This waveform is added to the
transmitted lows to produce the output video.

Fig. XVIII-3. Waveforms of Synthetic Highs system.

It has always been evident from qualitative considerations that if the edge detection
(differentiation), coding, and decoding were error-free, then a linear filter could be
found to generate a high-frequency component to produce a video output identical with
the input. 2 This has been confirmed by experiment, but never proved mathematically.
The purpose of this note is to present a proof and to extend the theory to two- and

three-dimensional coding.
a. One-dimensional Case

Consider a picture whose brightness as a function of position is called B(x). If the
spatial impulse response of the lowpass filter is M(x), and the output of the edge

QPR No. 68 141



T i e i e ey e s 2ot e 1< e ey v e o P P

(XVHI. PROCESSING AND TRANSMISSION OF INFORMATIONY -

detector is dB/dx, then we have the problem of finding a filter whose impulse response ¥
H(x) satisfies the following equation:

S‘.%E) Hix=x!) dx* = B(x) = \ B(x’) M(xtx) dx". (1)
Put into words; the edge signal dB/dx is applied to the filter H, and the output is to be
the high-frequency component of the original video, expressed as the éntire signal minus
the low-frequency componént. This equation is solved by taking transforms ¢f both sides.
sides. Thus

jo blw) hlw) = blw) -~ blw) miw). ()
As long as biw) # 0,

jw hw) = 1 - miw). {3)
Taking inverse transforms; we obtain

98 = u ) - M(x) ()

H{x) = u_;(x) ~ S‘ M(x') dx' {5)

-1 dig

which is precisely the result that was obtained experimentally.
b. Two-Dimensional Case

Since the correlation between vertically disposed picture elements is fully as great
as that between horizontally disposed elements, it is clear that increased savings are
available by extending the technique to two dimensions. The first successful attempt
to do this was reported by a member of our group recently. 3 In his work, John W. Pan
detected both horizontal and vertical edges and transmitted them to the receiver by
fitting a series of straight lines to the outlines of objects in the picture. The high-
frequency signal was synthesized in terms of either a vertical or horizontal edge, which-
ever was closer to the fitted line segment. Artifacts occurred at the corners of objects
and along contours of approximately 45°, the former being partially eliminated by a
special "rounding" routine.

An alternative procedure suggests itself in connection with the preceding mathemat-
ical derivation. Suppose that we use a system very similar to that in Fig. XVIII-2, but
in which the filters are two-dimensional, the edge detector is a contour detector, and
the run-length coder is some form of contour tracer and coder. The question then
arises about whether there is a two-~dimensional filter into which one can put data on
the contours of an image (such data being efficiently codable) and out of which one might
obtain the two-dimensional high-frequency component of the image. The filter should

QPR No. 68 142



PP e

(XVHI. PROCESSING AND TRANSMISSION OF INFORMATI?N)

be invariant with the image so that all possible images might be handled without intro-
ducing spurious artifacts in speciidl cases such as at corners of objects. It has been
found possible to solve this problem if the gradiént of the image, VB is used as an edge
detector, and if the filter is specified by its vector impulse respornse.

The output of the filter, which is the scalar high-frequency ¢omponent, is then
defined as the dot product convolution of the iriput VB and the response H. Thus we
have a rélation analogous to (1) to define H.

VBOH=B-B®M, (6)
where @ is the conventiciial scalar convolution, and © is the dot product convolution.
‘Taking theé transform of both sides, we have

[e B - Blw) = b@) - b@) m). (7
Forb #0,
o+ hs1=m) (8)
which, by rule (A<5) in the Appendix; can now be retransformed into the space domain
to yield

We solve for H by integrating throughout the cirele of radius r.

S‘ V* Hrdrde = S‘ § [e @)=Mir)] r drde = 1 = g \ M(r) ¢ drde {10)
“p Yo 0 Yo Y0 YP

We simiplify this equation by assuming radial symmetry and by applying the diver-
gence theorem to the left-hand side,

95 H:-firde=1-2n g L(r) rdr
r vo

(an

H-r2mr=1-2n y L(r) rdr
0

B-2l2 -4 (7 L@ rar (12)
BETEme T ), PR

This general result indicates that it is possible to implement the system of Fig. XVIII-2
in two dimensions. The reconstructed picture should be identical to the original if the
gradient field is transmitted without error. Previous experience with the tolerance of
human vision to errors caused by nonexact gradient transmission in one dimension indi-
cate: that quite high efficiency; that is, more than ten-to-one reduction in data rate
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should be possible with quite small quality imipairment. To achieve this, it will be
necessary to fit curves of at least second degree to the detected gradient points; so that
diseontinuous second derivatives of the outlines may be avoided.

e. Three-Dimensional Case

The relation (9) is valid for any number of dimetisions, since it was derived in vector
form,; the only restriction beihg the transformability of the funétion involved. We may
thus solve for H in three dimensions, assuming radial symmetry,

S; V-Havs=1- S; L(T) 4V, (13)

where S dV signifies a volume intégral within the sphere of radius . Again using
P .

f H-fas= 1-5 M(F) 4V 4
i o

el 1=\ M(F)avV}. {16)
4arr2- [ S‘r ]

The three-dimensional situation arises when we deal with images that change in

a1

time. The input is then B(x,y,t). From our analysis, it appears possible to recon-
struct B(x,y,t) at the receiver by combining a low-frequency component (that is,
a low-definition, low frame-rate picture) with a synthetic highs component. The last
component is found from the dot product convolution of the transmitted gradient and a
spatio-temporal filter H.

To economize on the transmission of the gradient data, presumable it would
be possible to perform a contour-tracing operation and then transmit a few par-
ameters of the contours. In this case, the "contours®™ would be surfaces rather
than curves. '

It is evident that the restriction to radially symmetrical three-dimensional filters
means that the errors introduced into the space and time domains of the moving image
which are due to quantizing errors, will be similar. Since the spatial and temporal
frequency responses of human vision, as deduced from threshold measurements, are
similar in shape (some worker believe they are physiologically related) it is to be
expected that similar distortions will be similarly acceptable.
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APPENDIX
FOURIER TRANSFORMS IN VECTOR NOTATION
1. IntPoduction
Using capitals to represent functions in the space domain and lower case letters for
their corresponding transforms, we have
Tk 4y
Szwltw]
w = wx. s T w yJ
Hr) =R(x,y) = HI + Hy’j
(Do niot confuse j = N =y thh'}, the imit vector in the y or wy direction. )
We define the two-dimerisional transform

Here, dA is the area element in the space domain. On this basis, ahd using the linearity
properties of Fourier transforms, we have

) = hxafi\* hy@)?
(@ T a1 (S B @ eF T aa

@) = SSﬁG) T gp
which we write
@) <= T (A-1)

h (&) e=> Hx("rf) (A-2)

h G) &= H, (7). (A-3)

2. Differential Operators

Since h(:;) = SS‘ H(T) e T d4, it can be shown for reasonable H's that

H(T) = ﬁh@ eﬁ?ﬁ_)z

where d2 is the area element in the frequency domain. Thus
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VHE=>jsh (A-4)
9H,

I Hisa vector, 80 that Hx¢=:h then Tx‘:’ ol h and 80 on.

. o = 0H, 8Hy jo.T _dR
Since V- H __5;:- ¥ a—y' = S‘S](wxhx+wyhy) e .(;r-)-

v He ] (a5)

r::*li“

3. Convolut).ons

In multidimensiobal space, we can take convolutions among vectors, scalars or
vectors and scalars. It is of interest to find the equivalent operation in the frequency
dothain to these various convolutions in the space domain. By strict analogy with the
one -dimensional use, we have

P® Qe pq (A-6)
P ® Q<==>Pd, where® = scalar convolution. (A=T7)

POJe=p-a (a-2)

where @ = scalar product convolution.
‘ W. F. Schrieber
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B. FREQUENCY-COMPRESSIVE FEEDBACK SYSTEMS

1. Intreduction

The main purpose of this research project is to extend the analysis of a signal-
tracking FM SYstéml which has récently been applied successfully in space commun-
ication. A systein with a frequency-compress1ve feedback loop around the frequency
démeodulater was demsed as €arly as 1939; but its applications did not appear until the
late 1950's, and, in fact; a carefil analysis was 16t begun uritil the appearance of Enloe's
p'&pél";3 in 1962. Enloe's prediction of the second threshold in the closed loop seems to
be qualitatively coriect; the pirpose of the presént research is to providé a quaiititative
verification.

Ini order to éxtend the anhalysis of threshold phenomena in FM systems, an attempt
has been rhade to develop new formulas for determining the input and output signalstos
noise ratios at thé ‘"'threshold of full improvemenft» " ‘Th‘li"s. we seek to. bridge the ‘g‘ap
approXimations w1th limited val-J.sty;

Our final aim is to prescribe the synthesis procedure for optimum FM reception
filters and to detérmine the power -bandwidth "trade -off* relations.

2, Threshold in the Conventional System

Threshold in an FM system is the transition region between linear and nonlinear
input-output behavior, as well as between Gaussian and non-Gaussian output noise
domains. Early progress in analyzing the FM threshold phenomena has been achieved
mainly by the very complex computations of R1ce4' 5 and Sf1_;t(m,1pers,‘6 Rice's results
were exploited by Skinner,” who produced the threshold curves of the conventional FM
system with ideal f11ters and an ideal demodulator.

Skinner's plot clearly shows that the carrier -to-noise power ratio (CNR) producing
the threshold (of full improvement ) depends on filter bandwidths and can hardly be con-
sidered constant. The widely agsumed existence of a fixed threshold CNR leads inev-
itably to errors of approximately 5 db, or more.

To facilitate the analysis of the real, sliding threshold, we propose a new simple
expression: -

where r; is the demodulator input CNR at the threshold (in the if band), BIF is the
equivalent two-sided noise bandwidth of the predemodulator filter, and By . is the equiv-
alent noise bandwidth of the postdemodulator filter.

Comparison of this formula with the Sk-i’nner-eRep_lo_g,leB exact threshold curves shows
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Fig. XVIiI-4. Comparison of the new éxpression for threshold carrier-to-
' noise power ratio in the baseband with the Skinner-Replogle
exact threshold curve.

that now the errers do niot excéeed 2 db in the very wide range

B
g =3+30,
(See Fig:. XVIHI-4,)

The well-established expression for output signal-to-noise power ratio at and above

the threshold of full improvement is

R = g'mzr,o

where both the input CNR, denoted r, and the output SNR, denoted R, are determined in
a bandwidth that is equal to the baseband; m denotes the modulation index of an FM sig-
nal. Hence, we obtain a new formula for SNR at threshold:

R =32 3 _2(7IF\2
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Let us also assime that the if filter of nearly rectangular shape has a noise band-
width equal to the approximate bandwidth of the F*M sighal:
Byg = Bg ¥ 21, ((1+m), :
whete f‘m deriotes the baseband width 67 the maximum modulating freguency. Then, with
the postdemodulator filter also matched to the baseband (BLF;=£m;);, we obtain
r, ® 47("14-m,)f2

R, & 6m” (1+m)?.

]

db

OUTPUT SIGNAL-TO-NOISE-RATIO. IN-BASEBAND.
5
!

R — I, — L —de ] T
10 20 30 40 db
INPUT CARRIER-TO=NOISE RATIO (REFERRED TO. THE BASEBAND)

Fig. XVIII-5, Optimum conventional FM systems.
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This set of simple but fairly accurate formulas can be used to analyze quantitatively
the threshold behavior in a conventional FM system. Note; for instance; that if the

signal power, the noise power speéctral density; and the baseband remain fixed, there

exists a unique minimum value of the signal modulation index

which will yield the required system output performance R, with minimum signal-
bandwidth consumption.

‘Since r, and Rt are strictly interrelated in an optimal fashion, we can represent all
optimal conventional systems by a single locus {(Fig. XVHI-5)

t("‘ Nr + ‘)

Each point on the locus graph corresponds to one value of the signal characteristic

Ry =

mlw

INPUT, i chlv{%ss DlFFERENTIATOR | sionmy { ouTRuT

SMALL PHASE N/ | 1 Kxs [T ouref =

DEVIATIONS = Al;(s) e . FILTER eg(‘sf)
@, (s) '

|intecrator | | FEEpeack | | A .
- Km e FILTER  -~‘ TRy mo

ig. XVIII-6. Linearized baseband analog for a frequency-compressive
FM system.

[Foanorass | | rmequeney | B

INPUT_ 0 MIXER |—e—] = FILTER || DEMODOLATORY. ?;'3:”»3# JLoureut
: Als) i | B [L] ‘ |oPteR |

——— . Hd LkCs_ =

SMALL INDEX' R
ANGLE - MODULATED

| VOLTAGE-CONTROLLED | [ regpsack |
TAGE-CONTROLLED | reepBACK
OSCILLATOR {=={ Lo PSS FLTER

Fig. XVIII-7. Block diagram for a frequency -compressive
feedback FM system,
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3. Thresholds in the Frequency-Compressive Feedback System

In order t6 analyze the threshold behavior in the frequency-compressive feedback
loop, we adopt Enleé's reasoning and resalrtsr.‘s"'s" In particular, the fundamental lithi-
tation in exchanging power and bandwidth is believed to occiir because of the so=called
clégéd-loop feedback threshold.

When using the linearizZed baseband analog (Fig. XVIII-6) of the actual system
(Fig. XVHI=7) note that a variety of feedback filter structures is possible, but for the
if filter the single<pole bandpass structure is ithposed by stability requiréments. Enloé
has found that the input noise in quadrature with the carrier produces angle noise mod=-
ulation of the variable oscillator. If the rms phase deviation of this noise modulation
is no longer dmall ¢ompared with unity, a new (feedback) threshold occurs.

As a measure for the location of this feedback threshold; Enloe suggested the input
ecarrier-to-noise ratio p o in the clogéd-loop noise bandwidth Bé»,, and evaluated it as
Pe = 5 —E;.—lz.
where F is the feedback factor, which equals the frequency deviation compression ratio.
Noise bandwidth B, must be defined for the transfer from signal input to the oscillator
input of the mixer:

The last formula may easily be translated to the customary baseband width f_, and
it becomes

., B

This threshold CNR can now be directly compared with the conventional (so-called open=
by a narrow-band if filter. Since both thresholds are independent, it is obvious that
maximum system sensitivity occurs with p = r,. This condition can be met by proper
location of transfer poles around the feedback loop.

When positioning the pole of the if filter the compression of the signal modulation
index, which is now m/F in the if path, should be implemented. Thanks to the reduction
of nonlinear distortion in the feedback loop, it is no longer necessary that the gsignal
bandwidth equal the filter noise :l,namd;v,v,id'.th,8 It is now sufficient to make the analog
single-pole filter natural frequency, a/2w, equal to the if signal-frequency deviation,
mf /F. Hence

m
“InF

Ry

and with the if filter noise bandwidth By, =%-, we find
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The closed -loop noise bandwidth B, depends for the most part on the structure and
parameters of the feedback filter. With certain simple structires, however, a propor-
tional relation of the type B, = 2 f F is approximately valid. In this case we have

From this equation, we obtain the optirum signal index

oy = (F=1) NF

for a most sensitive feedback system with the compression ratio F. If the output per-
formance R, is prescribed, there is then no choice for F except

and algebraically we can find

1.97 + 'JRt

a feedback system (p) is straightforward. Of course, equal performance R, of both sys-
tems at the threshold should be assumed: ’

Now, a power comparison of the threshold r, of a conventional FM system with that of

= émzr = -:im?’ P
2 t 2 F
where the subscript F pertains to the feedback system. Since for the conventional sys-

tem, then, we have

Ry
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s, 18, A 1.97 +4~1§jc) '

Assuming, for example, that R = 10*, or 40 db, we obtain the following feedback
gystem parameters.

opt =1 ¥5:1

Note that there is actually a trade-off between bandwidth and power, since the signal
bandwidth increases proportionally as 1 + mg. This leads to

B 1 e '

Sp_l+mp

B.  14m ~

1+ (F-DNF

/R
/ 76"+'4 +2'

In our example, it amounts to

Bg
=E=13-8 . o7,

Bg ~ 6.9 :

that is, the 6.5-db power saving will require a 97 per cent increase in spectrum occu-
pancy. It is, however, not the best trade-off obtainable with an optimally designed feed-
back filter.

4, Optimization of the Feedback Loop

For the feedback loop to be stable and to have finite noise bandwidth, it is necessary
to interrelate the number of poles and the number of zeros. in the open-loop transfer
function. Two choices are possible: the number of poles exceeds the number of zeros
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by 1 (this gives a better stability margin), or the number of poles exceeds the number
of zeros by 2 (this is still stable, although with a smaller niargin)-.

Practical tests have shown that three poles in the open loop, éxcluding the chain of
broadband if amplifiers, is the upper limit. It is known, alse, that only one pole is
allowed in the narrow-band if filter for stability reasons. Therefore one heed only
consider the following strictures for the feedback filter: 1p; 1p and 1z; 2p and 12; 2p
and 2z.

In this list, the class with ene zero can bé subdivided into two ghoups: the zero can-
cels the if filter pole; and the zéro does not cancel the if filter pole. The latter will
subsequently be called a stabilizing rero. It is obvious that in the "2p and 22" filter;
one zZero is of the cancelling type and the other of the stabilizing type.

The main requiremerts for the optimum feedback loop synthesis are: (a) open-loop
transfer function should be reusonably uhiform over the baseband (in erder to have the
if frequeniey deviation compressed for all modulation frequencies); and (b) closed~loop:
noise bandwidth should be mi imized by a judicious choeice of the feedback filter strue-
ture and of the location of -1ts stabilizing zero.

It is important to rote dgain that the closed-loop transfer and bandwidth are defined
bétweern the two inputs of the mixer (Fig. XVHI-7). The closed-loop transfer function
H (s) is uniquely determined by the open-loop transfer function H (s).

The definition of the closed-loop noise bandwidth that has been adopted is

. 1/2nj eje
B, = _—S H (s) H (-s) ds
L N S S
and the integration can easily be performed for rational transfer functions.’
In particular, the open-loop transfer function of the highest permitted order has

the form

b XS+CX(F—1),

T el =
B 53X

which directly corresponds to the most general "2p and 2z" case, and also to the
"lp and 1z" (stabilizing) case. Then the closed-loop transfer function is

abE-1stol/o

¢ s 4 [a+b+ab(F-1)/c] s + abF

and the closed-loop noise bandwidth can be shown to be
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B, = abF 5 Cz + abF
¢~ 2(a+b) ‘cz + abe(F-1)/(a+b)

It is now possible to prove that there ig only one choicé of value for c to mini=
mize B c:‘

Copt = T l[(a+b,)»+,~/ (a®+b ,)+ab(F+,1\./F‘,);lv.
After tedious algebraic manipulations, we obtain the minimum noise bandwidth of the
closed-loop with an optimim stabilizing zéro

_abF. ... abF . ...

2 L)

" 4% 4 b% + ab’(F+
This is a quite general result of considerable interest for the system design.

In the apparently best "2p and 2z" class of feedback filters, thére are two §pecial
cases of particularly advantageous performance. The following sirnple expressions
hold true for the biriomial filter with two cascaded real poles, a = b,

For the Butterworth filter, with two conjugate poles, we denote

a === (14j) b 5 === {I=j) = =aj
Nz J

and it follows that

their noise bandwidths. The determination of the feedback-filter parameters with
regard to the baseband width will be the subject of further study.

In order to prepare an orientation for the expected results, we shall continue with
the example given above for the optimum Butterworth filter, If we assume that half-
power bandwidth of the open-loop transfer function coincides with the highest modula-

tion frequency f‘m' we must set A = z,,mf,m,. Consequently,
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and

Furthermore; it can bé found that

_isoFent
F+F+~/'z')

Solving this for F, with Ry = 10* as before, we obtain

Fpt = 6:74

wherefrom

mg =13.2 and ps38.0
“opt
Finally, the power saving is evaluated as 7 db at the éxpense of 4 106 per cent
increase in signal bandwidth. Note that the efficiency of power-bandwidth exchange
remaing virtually unaffécted by the optimization of the feedback filter.

5. Direction of Further Study

After the final choice of the best filter structure, the design procedure for the feed-
back filter will be formulated. Then the optimization problem of the feedback system
will be resolved. The analytical results will be summarized in a general chart in which
the optimum system parameters mg, F will be indicated, as well as the system perfor-
mance at threshold in terms of r, and R,. The expected threshold extension will also be
obtainable from the chart.

Preliminary measurements have resulted in qualitative agreement with the analysis.
The principal analytical conclusions will undergo a comprehensive experimental verifi-
cation,

The author gratefully acknowledges the aid and encouragement of Professor John M.
Wozencraft. Many helpful suggestions from Professor L, A. Gould and Professor
E. M. Hofstetter are also appreciated. This part of the research project was per-
formed while the author was working under a Ford Foundation Postdoctoral Fellowship.

A, Wojnar
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XIX. ARTIFICIAL INTELLIGENCE'!

* Prof. M. L. Minsky D. 'G. Bobrow D. C. Luckham
Prof. C. E. Shannon D: J. Edwards L. G. Roberts
P. W. Abrahams T. P. Hait I. E. Sutherland

RESEARCH OBJECTIVES

The purpose of our work is to 1nvest1gate ways of making machines solve probléms
that are usually considered to require intelligence. Our procedure is to attack the prob-
lems by programming a computer t6 deal directly with the necessary abstractions, rather
than by gimulating hypothetical physiological structures. When a method for solving a
problem is not known, searches over spaces of potential solutions of the problem, or of
parts of the probleth; are necessary. The space of potential solutions of interesting

problénis is ordinarily 8o erormous that it is nécessary to devise heuristic me'chods1 »3
to replace the ‘searching of this space by a h1erarchy of searches over sxmpler spaces.
‘The major difficulty, at present is the excessive length of time required for building
machmery or even for writing programs to test heuristic procedurés. For this réason;
a major part of our effort is going into the dévelopinent of ways of communicatinig with
a computer more effectively than we ¢ah now éommunicate. This work has two aspects:
development of a systein for instructing the computer in declarative, as well as impéra=

tive, sentences; called the advice-taker, 4 and development of a programming language
called 1isp>=" for manipulating symbolic expréssions that wiil be used for programming
the advice-taker system and will also be of more general use.‘8 We are embarking on a

major effort to integrate this work into the new M.I.T. time-shared real-tithe computer
System.

Maintenanice and further development of LISP will be continued by Professor
J. MeCarthy, who is néw at Stanford University. We plan to continue elose agsociation
with his group.

It is our belief that the field of artificial intelligence is limitéd only by the amount
of qualified effort that can be put into it, andby the machine limitations that still prohibit
more ainbitious éxperiments. Qur group is woerking in the followirig areas.

1. Differential Equations Solved by Symbolic Methods

Dr. J. Slagle has completed his program, SAINT, for "first-year calculus" and is
working on more powerful methods for symbolic solution of ordinary differential
equations.

2. Resource Allocation Heuristics

B. Bloom, D. J. Edwards, and others are working on thé problems of conflicting
goals that arige in the chess problem. T. P. Hart is working on related problems in
the more tractable game of Kalah. Thesis studénts have been agsigned problems in
working out techniques for other games.

Th1s work is supported in part by the Natmnal Science Foundation {Grant G-16526);
in part by the National Institutes of Health (Grant MH-04737-02); and in part by the Com-
putatlon Center, M.I.T.

TSeveral members of this group, working at the ComputationCenter, are not members
of the Research Laboratory of Electronics: Prof. H. Rogers, Jr. (Department of Mathe-
matics, M.I.T.), Dr. O. G. Selfridge (Lincoln Laboratory, M.I. T.), Pr. J. Slagle

. {Lincoln Laboratory, M.I.T. ), and the following graduate students: B. Bloom, T. Evans,
‘T, Jones, D. M. R. Park, B. Raphael, W. Teitelman.
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3. Pattern Recognition and otlhier Problems in Visual Images

Professor Mmsky and Dr Selfndge are workmg on the general theory, the results

completed hlS study of pxctor1a1-verbal analogles, whlch w111 appear in hi do oral
thesis. I. E. Sutherland has completed his supérb "Skeétchpad" picture-description sys-
tem, which will appear in his dissertation. D: J. Edwards and M. Mingky have started
a study of relative merits of Bayes and matchedsfilter approximations for recognition.
We are beginning work on programmed description of motionandanimation. L ‘G:. Roberts
is exploring problems in description of three-dimensional forms.

4, Heur1st1c Reasomng about Bodies of Verbal Descr1pt1on Data

Work on systéins related to the advice-taker is fmally becoming concretély realized.
T. Jones and M: Minsky are running preliminary versions of an advice-taker systemi.
J: Slagle's d1fferent1a1-equat1ons systemn will alsé be designed along these lines.
B. Raphael is working on related systeis ¢oncerned with interpreting language state~
ments rélevant to the state of an internal pictorial model:. D. G. Bobrow is concerned
with detailed interpretation of ordinary language statements concerning a iathématical
domain: "word-problems" in a system for High School algebra.

5. Mathematical Aids and Models

P. W. Abrahams is completing his dissertation research on a Symbolic proof=
checkmg System, which expands relativély informal meta-statéments about théorem
proofs into detailed applications of the rules of inféerence from assorted logical subsys-
temis, therebyprov1d1ngamechamzatlon of the expression "the reader will easily verify."
D. C.: Luckham is working 6n a theory of program equivalence and simplification.
M. Mmsky is compléting a book on computer-oriénted theory of recursive functions,
‘Turing machines, and Post systems.

6. Mechanical Hand

H. Ernst's work on his TX-0 mechanical hand was completed a year ago, and we
are planning to continue such work, this time, in association with the M.I.T. time=

sharing system. We hope also to work toward a computer-operated micromanipulation

system under computer-sensed visual control.

M. L, Minsky and O. G. Selfridge are working on theories of neural nets. They have
completed an analysis of certain synaptic learning processes in loop-free nets, and plan
to study the formation of certain kinds of assemblies in nets with cycles.

8. Time Sharmg and the Mathematlcal Laboratory

We have an ambitious design for a laboratory in which mathematicians and physicists
can apply new techniques for solving problems involving equations that are impractically
cumbersome for hand-manipulation by ordinary mathematical techniques. What is needed
is a control language for describing and executing the processes ordinarily carried out

by a working research mathematician, implemented by a heuristic program. This system

as now envisioned would be a new national research facility, for visits by scientists
with appropriate problems. It is awaltmg the development of a control language that
involves new man-machine interaction problems, for the appropriate time-shared visual
congoles that are necessary.

M. L,. Mingky
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XX. SPEECH COMMUNICATION"
Prof, K. N. Stevens Dr. T. T. Sandel W. L. Henke
Prof. M. Halle Jane B. Arnold A. P. Paul
Prof. .J. B. Dennis J. M, Heinz J. R. Sussex
Dr. A. S. House E. C. Whitman

RESEARCH OBJECTIVES
The objectives of our work areé to further our understanding of: (a) the process
whereby human listeners decode an acoustic speech signal iiito a sequence of discrete

linguistic symbols such as phonemes; and (b) the process whereby human talkers ercode
a sequence of discrete linguistic symbols into an acoustic signal.

Current research activities related to these ob;ectlves ificlude experiments on the
generation of speech by electrical ~analog speéch sy thesizers, development of means
for controlling analog speech synthesizers by a digital computer, imeasuremeits of
movements of the speech-generating structires during speech production, studies of
meéthods of speéeéch analysis, accumulation of datz on the acoustic characteristics of
utterances corresponding to phoremes in various linguisti¢ contexts, and studies of the
perception of speechlike sounids.

K. N. Stevens, A. S. House, M. Halle

A. A COMPUTER PROGRAM FOR CONTROLLING THE DYNAMIC VOCAL-TRACT

ANALOG (DAVO)

A program for the TX-0 computer has beén prepared to allow flexible operation of
the dynamic analog speech synthesizer constructed by Rosen.! The development of this
control program has been the subject of a Master of Science thesis.® The objective of
this work is to replace the control system originally incorporated into DAVO by a more
versatile one involving the TX -0 computer and interconnection equipment consisting
mainly of digital-to-analog ‘ct:niver"ce;rr’s.3

Control of the vocal-tract analog is accomplished through 24 analog voltages that
specify éross-section area as a function of distance along the tract, and 3 voltages
that control amplitude of buzz and noise ‘excitation. and coupléing between the oral tract
of iglottaxl pulses supphed to tlr;e, voca.l-t_rac,.t mo.del. The Qr;gm,a_l centml s.yste,m for
DAVO employed trapezoidal waveform generators as sources for the control voltages,
and was limited to essentially monosyllabic utterances without resort to tape-splicing.

In using the control program to operate DAVO, a number of control signals are
specified as sequences of piecewise quadratic segments. The control voltages for the
vocal -tract area function are represented as a linear combination of up to three area
functions selected from a library of vocal-tract configurations. The coefficients of the
linear combination are provided by control signal§. One control signal is used within

ThlS research was supported in part by the U.S. Air Force (Electronic Systems
Division) under Contract AF 19(604)-6102; in part by the National Science Foundation
(Grant G-16526); and in part by the National Institutes of Health (Grant MH-04737-02),
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the program to generate glottal pulses at a corresponding rate, afd three others become
control voltages for excitation and nasal coupling. The input to the coritrol program is
a time -ordered list containing the parameters of each quadratic control-gignal segment,
the assignment of configurations from the library, and other funetions. The input list
is processed by the control program, and gives 4 series of digital samples representing
the motion of the control voltages with time. The samples are stored; then read ot
later to perform the synthesis in real time. The size of the magneti¢ core memory

in the TX<0 computer Limits the length of an utterance to approximately 1 sec; how-
ever, this will be greatly extended through the use of the digital tape unit that is how
available. Initial experiments with theé program show that the processing time is
approximately 50 times real time wheén the samples are computed at 1=msec inteFvals.
When the interval is increased to 6 msec, the processing-to-real-time ratio is
ithproved, and is 25 times. New instructions added to the TX-0 computer and Some
improvernents in the program might possibly reduce the ratio to 10:

The internal structure of the program has béen desigied 56 that changes and
additions to its function can be easily accomplished. It should be pointed out that the
piler is available t6 simplify the preparation of input lists and maké on-line changes
if the uttéerance conveniently possible. Such a compiler is now being developed.

The control program algo employs stored correction ¢urves to correct for irregu-
larities in the characteristics of some components of the analog. At present, a méthod
of autematically calibrating the vocal-tract analog is being investigated. This involves
obtaining the correction curves through the observation of available variables in the
system, and without having to dismantle or isolate any of its parts.

J. R. Sussex, J. B. Deénnis
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B. A TRANSISTORIZED ARTICULATORY SPEECH SYNTHESIZER

Work is progressing on the design of an improved dynamic analog of the vocal organs
to replace the vacuum tube analog (DAVOQ) constructed by Rosen.}

Like Rosen's device, the new analog will represent the acoustical system of the
vocal tract as a lumped-element transmission line in the electrical domain. The theory
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of Such analogs is treated by .Ka»‘éé)w-s‘ki,,z Fén’t,3 and Stevens, Kasowski, and Fant*
Essentially, the vocal tract is c¢onsidered a cascade of éylindrical segments of
common length but variable areas. In the eleétrical system, in which voltage is
analogous to pressiire, and current to acoustic volume velocity, each segment is
répresented by a sefies inductance and a shunt capacitance, and a cascadé of such
sections forms an artificial line (Fig. XX=-1). It can be shown that

A= (2w 2=cwo)/?, (1)

where A is the area of the section, 4 its length, p the density of air, ¢ the sound
speed, and k an arbitrary constant of the transmission line, depending upon the
choice of units and the impedance level.

SECTION 1 SECTION 2 SECTION 3
ARTIFICIAL LINE

Fig. XX-1. Electrical analog of a short lossless tube.

In the static analog of Stevens, Kasowski, and Fant,4 each inductance and capaci-
tance was set manually and could not be changed during the course of an utterance. In
Rosen's device, each L and C is electrically controlled by an elaborate timing sys-
upon a gross motion of the articulatory mechanism for their performance.

In the existing DAVO, the tract configuration represented by the analog is controlled
by a set of analog voltages supplied to each LC section by a potentiometer matrix that
must be set by the operator. In each section, the product of L and C is constrained
to be constant and independent of the area represented, thus keeping the section length
invariant (by Eq. 1). Recent attempts to control DAVO from the TX-0 computer have
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Fig. XX-2. Proposed analog section.

demonstrated that the present device is poorly suitéd to digital control. The instability
of the vacuum tube ¢ircuitry employed and the analog nature of the control system have
caused great difficulty.

The new analog will be ¢ompletely transistorized and designed for operation by a
digital computer. Hence the control sighals will be in digital form. The LC constraint
can then be included in the computer program o discarded to allow small changes in
the tract length during phonation. This eliminates from the system a complex piece
of hardware, which in Resen's DAVO serves as a frequent source of trouble in cali=
bration and maintenance.
here is the very manner in which the inductance and capacitance are obtained. For
the former, Rosen uses a saturable reactor; for the latter, the input impeédance of a

variable-gain Miller amplifier ~ in both cases a physical element. In the proposed
design (Fig. XX-2), each section is constructed as a self-contained analog computer
that receives as inputs two signal voltages representing the volume velocity at the input
of the section and the pressure at the input of the next section. It performs on these

the mathematical operations associated with a series inductance and shunt capacitance
and delivers two output voltages, again representing pressure and volume velocity, to
be used as inputs by the adjoining sections in which the process is repeated. As shown
in Fig. XX-2, both integrations required are performed by simple RC circuits following
differential amplifiers. Thus,

gv—l--,—'—.A. (2)

1 1
Cc

- R1C1

-
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L C RC;

t
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Here, 1/L* and 1/C' represent two step attenuators, contiolled by digital signals and
capable of attenuating from 1 db to 64 db in steps of 1 db. The degree of attenuation
effectively varies the value of L and C and thus sets the desired area for the section.
‘This area will be variable 6ver a range 15-<0.01 sqcm, and a ¢omplete closure 6f the
tract will bé available for the first time.

It is also possible to impleitient this approach with RC differentiating circuits in
the loop. This approach has the advantage of requiring a much smaller gain A for the
differeiitial amplifiers, but leads to stability problems. Experiments have been con-
ducted with both circuits; but still no dec¢ision has emerged as to which will prevail.

The design and successful testing of the digital attenuators, diffeérerntial ampiifiers,
and simplified models of a single section have been completed: At present; a detailed
study is being carried thfough to determine how the effects of acoustical losses should
be accounted for in the system, It appears at this stage that the nonideal integration
(or differentiation) of the RC ¢ifcuits introduces damping that closely approximates the
acoustical situation; that is, that the exact equations of the analog of Fig. XX=2 are
practically identical with thése of an RLC circuit with a Q of approximately 20.

Considerable work must be expended in several areas to complete the project.
First, an analytical study must be made of the Section design and a cascade of such
sections to determine the nature and extent of errors arising in this approximation of
the vocal tract. Also, the details of combining the hardware compenents into a com=
pact and stable system have not been settled, and no consideration whatever has been
given to the representation of the glottal source and radiation impeédance at the lips.
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C. COMPUTER CONTROL OF A TERMINAL ANALOG SPEECH SYNTHESIZER

A system has been developed for the control of a terminal analog (or resonance)
type of speech synthesizer by the TX-0 digital computer, which is similar to the appli-
cation of a computer to the control of an articulatory analog speech synthesizer recently
described by De_mu_‘;s,l The system includes the necessary equipment for the coupling
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of the compiiter to the synthesizer and a program for the computer which effects the
desired operation of the synthesis system.

The syhthesizer consists of a cascaded series of electrically variable résonators.
An electrical signal that is an analog of the glottal excitation t6 the huihan voeal tract
is generated and then passed through the synthesizer. Each of the variable resonators
impresseés one formant on the signal. By varying the formant frequencies; as well as
the amplitude and fundamental frequency of the source generator, soiunds that closely
approximateée the voiced sounids of hiiman speech can bé produced.

The purpose of the fiew control system is to provide a means by which the param-
eters of the synthesizer may be independently and simultaneously varied as a function
of timeé in a manner specified by input data in a numerical format. A computer program
uses these input data to produce the necessary temporal sequence of digital outputs that,
after being converted to analog form by a digital-to=analog converter, cortrol the

FORMANT EREQUENCIES (CPS)

It}

5 3

FUNDAMENTAL
FREQUENCY {CPS)
8

,m'

g

AMPLITUDE
{RELATIVE)

Fig. XX-3, Sample parameter specification.
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KCPS

produced by the synthes1zer
for the mput ddata shown in
Fig. XX-3

FREQUENCY <

(SEC)

synthesizer parameters.

Temporal variations for each of the parameters are described by a sequence of con-
fluent segments of second-degree curves. The input data that specify each of these time
segmerits include the value of the parameter at the initial, central;, and final values of
time of that segment. From these data the program calculates the parameter value for
all intervening tifné on the basis of the quadratic function that the data uniquely deter=
mine. This schéme allows a high degree of flexibility, inasmuch as the segment den-
sity can be varied according to the complexity of thé desiréd temporal variation. The
specification of each time segment also includes data that identify the particular param-
eter being described, the duration of the time segment, and data that determine the
time relationship between the segments of the various parameters.

The input data are first sketched graphically and then transcribed directly into the
numeérical format used by the computer. An example of this process is shown by
Fig, XX-3. The small circles denote the beginning of a new time segment, and the num-=
bers associated with each circle identify the time sequence in which they occur. This
particular example produces a speech sample approximating the word b boy. A sound
spectrogram of the output of the synthesizer for this input is shown in Fig. XX-4.

Measurements of the acoustic output of the system have indicated satisfactory per-
formance, and several speech samples have been synthesized,

Further details concerning the physical realization of the synthesis systém and its
use can be found in the author's thesis.z

W. L. Henke
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XXI. MECHANICAL TRANSLATION®
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RESEARCH OBJECTIVES

Thie primary objective of our research program is to find out how languages ¢an be
meaningfully manipulated and translatéd by machine; and to évaluate thé quality that ean
be achieved with different approaches, the usefulness of the results and their costs:. A
further objective is to achieve a basic uniderstanding of hurmhan communication and lan-
guage use, anid to add to the general knowledgeé of nohcomputational uses of digital com=
puting machirery.

We have always stressed a basic, longsrange approach to the problems of mechanical
translation. We are placing emphasis én completeness, when completeness is possible;
and on finding out how to do a ¢ompléte job if one is not now possible. This emphasis
has led us into the study of many of the fundamental questions of language and translation.
We are not looking for short=cut methods that might yield partially adequate translations
at an early date — an important goal that is being pursued by other groups. We are
seeking definitive solutions that will be permanent advances in the field, rathef than
ad hoc or temporary solutions that may eventually have to be discarded because they
are not compatible with improved systems.

A broad and basic program of research is being carried out. In linguistic theory;
a computer model of linguistic behavior is being studied which has already provided
ingight into the redsons why human languages are compléx. Linguistic descriptions are
being prepared for English, German, French, and Arabic. An experimental Arabic to
English translation program is unhder development. In the area of semantic8, work is
proceeding along several avehues in an attempt to program a machine to understand
English. Language is also being studied from a logical point of view to clarify the
sema.ntm s1gm.f1cance of certain dlffzcult and crucial words. The nature of the transla=-
Computer programming languages are
bemg studied. The group has developed and is improving COMIT, a ¢onvenient large-
scale computer programming system which greatly reduces the effort required to write
programs related to the research.

V. H. Yngve

A. GENERATIVE GRAMMARS WITHOUT TRANSFORMATION RULES

A phrase-structure grammar has been written which generates roughly the same
set of sentences generated by the most comprehensive transformational gra.mmarl of

C,homsky and .ot,,her-s. have argu,ed that a grammar consisting of a set of phrase-
structure generation rules, along with a very simple rule of interpretation, which
assigns structural descriptions to sentences on the basis of the manner of generation,

Thi: work was supported in part by the National Science Foundation (Grant
G-24047
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is inadequate for giving a full grammatical description of seritences in English. On the
basis of these arguments; many grammarians have choden to write grammars using '
transformational generation rules, riules of considerably more mathematical power than
phrase-structure rules. However, as Chomsky would be the first to point out, the argu-
ments that he has given do not show that no adequate grammar for English may be written
which uses phrase-structure generation rules.

The argument against the use of phrage-structure grammars is threefold. First, such
grammars will be quite long, complex, ad hoe, and therefore difficult to write. Second,
grammatical description in terms of parsing alone is not complete.” Third, phrase-
structure grammars cannot exploit or explain certain general features of particular lan-
,gﬁﬁge‘s‘.s

In order to circumvent these difficulties the following suggestion has been made by
Chomsky*: :

(1) To the phrase-structure rules of the generative grammar add rules that are
esgentially more powerful (transformational rules).

(2) Add interpretation rules to give added stiuctural description where certain trans-
formational rulées have or have not been used.

We have found that it is not at all necessary to introduce transformational rules to
cifcumvent these difficulties, and, in fact, there are certain advantages in not deing so.
We restrict the generation rules to phrase<structure rewrite rules of the sort described
by one of us.” We retain the parsing interpretation for these generation rules.® We aug-
ment this intetpretation by using a notation for the abbreviation of the phrasesstructure
generation rules. This abbreviated notation makeés use of subscripts of the kind that
have been provided for the purpose in the COMIT computer programming language-7
Grammatical relations beyond those disclosed through parsing analysis are explicated
in terms of derivations in the abbreviated notation. Finally we introduce an "evaluation
procedure"” for choosing between equivalent sets of generation rules. Our evaluation
procedure involves a criterion of simplicity which enables us to exploit (and thereby
explain) grammatical regularities in a given language.

The phrase-structure grammar that has been written by one of us (Harman) has been
written in the form of a computer program that can produce sentences chosen at random
from the set generated by the grammar, Examination of the sentences that are produced
aids in eliminating errors in the grammar. This grammar generates nearly the same
set of sentences as does the transformational grammar on which it is based. The only
differences involve a few points at which the transformational grammar appeared to be
in error.

We are now in a position to compare the two grammars from the point of view of the
threefold argument that hag been given against phrase-structure grammars. We have
compared the lengths of the two grammars and find them to be of approximately the same
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gize: one reasonable method of comparison shows the transformational grammar to be
shorter, ancther equailly reasonablé method shows the phrase-stricture grammar to be
shorter. As for complexity and ease of writing; it would appear that the phrase-structure
grammar is easier to write because the rules, being unordered; are relatively more

indepenident. Neither of the grammars can be said to be ad hoc.

The arguments that phrase~structure grammar would be incompléte and not able to
exploit and explain certain general features of particular languages is not borne out in
this cage. Our phrage-structure grammar provides for and éxplains adequately all of
the features of English provided for and explained adequately by the transformational
grammar. It is able to do this by virtue of the additional interpretation provided by the
subscript notation that also provides the ¢compactness over an unabbreviated form of the
rules.

In other words, arguments for the introduction of transformational generation rules;
on the grounds that one type of grammar using phrase-structire genération rules lacks
explanatory power, can be met.

Arguments that phrase-structure generation rules lack the mathematical power
needed seem incoherent, at least at present. At any rate, the additional mathematical
power of the transformation riles was not needed in the very sophisticated transforina-
tional grammar of English which we used for a comparison.

The result that a phrase-structure grammar appears to be adequate for English
is also of great practical interest to those attempting to handle natural language
by machine.

G. H. Harman, V, H, Yngve
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B. AN ORDINARY LANGUAGE INPUT FOR A& COMIT PROOF-PROCEDURE

Work is in progress on a COMIT program for the translation of arguments from ordi-
nary language into logical notation. This is conceived as an input device to a COMIT
program, based on the Davis-Putnam proof-procedure algorithm, which tests quantified
and nonquantified logical formulae for validity by the reductio ad absurdum method of
attempting to deduce a contradiction from the negation of a formula.! 3

The translation program works essentially as follows:

(a) I divides the words of the input argument into two basic categories = the punc-
tuative words, or "P-words," words like 'if'; 'then'; 'either'; ‘or', ‘therefore’, etc.,
which usually divide sentential clauses from one ancther; and the nonpunctuative words,
or "W-wo#ds;" which are all the rest and constitute the content of the sentential clauses.
Accordingly, every word or punctuation mark in the input argument is subseripted, by
means of a dictionary lookup; with either '"P' or '"W'. In the sentence

K it rains then it pours.

the P=words are 'if', 'then', and %', and the W-words are 'it', 'rains’, and 'pours".
A sentential clause is any finite sequence of W=words occurring between two P-words;
in the example, 'it rains' and 'it pours® are the two sentential clauses.

(b) It performs some simplifications and expansions on the input senterces. All
verbal forms are reduced to the infinitive, so that 'If it rains then it pours’, 'If it will
rain then it will pour', 'If it is raining then it is pouring'; 'If it would rain then it would
pour', ete. (all of which state basically the sarie implication) are all reduced to 'If it
cate, or in which several predicates are attached to the same subject, are expanded into
their implicit sentential clauses. Thus, 'Jack and Jill went up the hill' is expanded into
'Jack went up the hill and Jill went up the hill'; and 'Jack both fell down and broke his
crown' (the program requires the 'both' as the cue to activate the expansion subroutine)
is expanded into 'Jack fell down and Jack broke his erown'. Sentences using ‘either...
or...'and 'neither...nor...' constructions are likewise expanded whenever possible.
A fallacy would result if this type of expansion were applied, e.g., to 'Jack and Jill are
cousins'; thus the input arguments must be stated without using relational sentences of
this sort. Later, we hope to improve the program to handle them.

(c) It substitutes the letters 'A?, 'B', 'C', etc., for the sentential clauses in the
argument, by using the same symbol for the same sentential clause whenever it occurs.

(d) It parenthesizes the argument, on the basis of a set of 20 rules that make explicit
the groupings that are implicit in the use of the P-words. Thus, 'If A then B or
if C then D'is parenthesized (by using the arrow for implication and the wedge for
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disjunction) as "({(A)=(B)) V ((C)~(D)))': In COMIT notation this formula appears as
V(4 ¥+ *¥(+ A + #¥) £ IMPLIES + #( + B + %) + %) + OR + *( + *#( + C + ¥) + IMPLIES +

*( + D + #%) + ) + ¥)'. A logical argument is usually stated as a set of premises in the
form of gentences separated by periods, which is followed by a ¢onclusion introduced

by a word like 'therefore’ ot 'hencé'. Our program symbolizes an argument as one long
gentence in the form of an implication, the 'therefore’ (or 'hence’, etec.) being replaced
by 'impliés’, and the periods being replaced by *and'.

The characterigtica of the restricted English employed follow from the limitations
on what the program can do. The restrictions fall into three general categories:

(i) Restrictions following from the fact that the program's only criterion of identity
of two propositions or "ideas" is the identity of the séntéences expressing them. Two
propositions stated in different words, even though they may be synonymous, are sym-
bolized with different letters, unless one or more of the subroutines mentioned in (b)
above result in the sentérnces being expressed in the same wording and word order.

(ii) Restrictions on the use of the P-words and the C=words (which are a subset of
the P-words and include the binary connectives 'and!, 'or', ete.). The P-words that
are at the same time C-words may be used only if a boundary i8 intended between two.
gentential ¢lauses, so that a sentence like 'He implies that it will not Fain' is ruled out,
since the 'impliés that' will fallaciously divide the sentence into two sentential clauses,
'He' and 'it will nét rain', which are connected by an implication sign. Also, évery
intended division between two sentences must be made explicit; so that 'If it rains it
pours' miist have a 'then’' ingerted between 'raing' and 'it' before the program will cor-
rectly handle the Sentence.

(iii) Restrictions on the vocabulary. The program employs no grammatical recog-
nition routine to speak of; thus a fixed vocabulary must be selected in advance, with all
of the nouns, verbs, and adjectives specified. A given word may not be used in more
than one of these categories; e.g., if 'praise' is used in the set of arguments submitted,
it must be used either as a noun or as a verb, but not both.

The program has been successfully tested on a variety of examples taken, with the
required changes in wording, from C.:«ap.i,-“'i Some of the improvements contemplated for
the program in the future include coupling the program with a more powerful grammar,
and enabling it to perform the more subtle intraclause analyses required for quantifica-
tional and relational logic. The proof-procedure program, based on the Davis-Putnam

tional, and relational logic. Other improvements in this program will have to await

improvements in the theory of proof procedures. The ordinary language input program

ositional logic.
J. L. Darlington
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C. SENTENCE-MEANING AND WORD-MEANING

In Quarterly Progress Report No. 66 (pages 289-293), I pointed out that it is neces-
sary for an understanding of the semantical behavior of those morpheines that function
as structuf-ai-.-éonstaﬁtsl to distinguish betweeh senitenice syhonymy and word synohymy.
The principle underlying this view is that it is the particular ¢onfiguration of structurals
constants belonging to a well-formed grammatical string which gives fise to the funda-
mental senteénce-meaning, the meaning of each individual structural-constant; as a mors
pheme, remaining constant - hence the term 'structural-constant' = but the meaning of
each configuration varying, the variation depending upon both the structural properties
of the configuration and the particular indispensable structural-constants that occur in it.

This semantical theory has been constructed to apply only to the analysis of the
meanings of structural-constants and their interlocking relationships and does not
attempt to cover the analysis of the meanings of lexical items that function as denotative
terms. It is the author's opinion that different methods are required for the semantical
analysis of those morphemes that function denotatively and those that function structur-
ally. This method of analyzing the meaning of structural-constants and their various
configurations departs quite radically from the methods proposed thus far which have
been formulated primarily to handle denotative terms. In this theory, the denotative
morphemes are treated as variables, only the class over which they range having struc-
tural significance. Thus, although it makes a great deal of difference to the total meaning
of a sentence whether Jane or John is named as the subject or object of an action and
whether the particular activity or relationship named by the verbal is of a certain kind,
appropriate substitution of one member of a set for another does not alter the basgic
sentence-type, nor do such substitutions alter the fundamental sentence-meaning.

For an illustration of this theory, let us look at the following sentence:

(1a) If John is to be president, he must get his organization ready now.

In sentence (1a) the fundamental sentence-meaning is: John's getting his organization
ready now is a necessary condition of his being president. The event denoted by the
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elange ‘John is to be presidenit’ has not occurred rior does the sentence as a wholé ¢laim
that it ever will, since the getting réady of the organization i$ not the sufficient condi-
tion of being president. Some sentences that are synonymous with sentence (la)
which are important in that théy express the same fundamental meaning with a complete
charige of structural-constant, are

(1b) Unless John gets his organization ready now; he can not be president.

{1¢) Only if John gets his organization ready now; can he be president:

It should be noted that the fundamental sentence-meaning of the above synonymous sen-
tences; when it ¢an be expressed through a symbolic fiotation, will be logical in form,
not grammatical. Grammatically, the form of sentence (1a) has the shape that 'If John
is to be president’ is the dependerit clause, whereas 'he must get his organization ready
now' ig the independent clause. In Sentence (1b); "Unless John gets his organization
ready now' becomes the depéndent ¢lause, and in sentence (le) 'Only if' subordinates
that which in 8éntence (la) was the independent clause to the dependent clause. Thus;
from thée point of view of grammatical form, either elementary Sentenice can be subor-
dinated to the other without a ¢hange in fundamental sentencé-meaning. Logically, how-
ever; thé event denoted by thie sentence ‘he is to be president' is dependent for its exist-
enice upon the previous occurrence of the event denoted by the elementary sentence 'he
gets his organization ready now'. The symbolic notation, formulating the fundamental
sentence-meaning, must éxpress this physical dependency. Thus far, no new notation
expressing explicitly the relations of necessary and sufficient conditions has been intro-
duced into the formal logical systemfslaz‘ Expanding the logical notation of the formal
gystems will be a necessary step in establishing rules for coordinating sets of synony-
mous strings of one language system to sets of synonymous strings from another lan-
guage system so that a sentence-by-sentence translation can be carried out.

Sentence (1a) can be expressed as a partially interpreted sentence-type, i.e., a
sentence-type whose indispensable structural-constants that form the configuration
expressing the fundamental sentence-meaning are explicitly indicated and whose denota-

(1d) I x is to be f, then x (or y) must g.

Sentences (1b) and (1c) can easily be put into abbreviated schematical forms. The
combination of a partially interpreted sentence-type set up as equivalent to another
represents a tautology whose major connective is an equivalence. Each tautology is a
transformation law. It is to be noted that the transformation laws for every language
are obtained by empirical observation; the sentences established as transforms of each
other must be synonymous in actuality.

To show how vital to sentence-meaning the particular configuration of structural-
constants is, let us alter sentence (1la) by affixing to it just one morpherne, the structural-
congtant, 'even!, in prenex position..
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{2a) Even if John is to be president; he rust get his organization ready now.

The Sentence-meaning of sentence (2a) is immediately seén to be quite different
from sentence (1a) which expresses a relation of necessary condition. The fundamental
meahing of sentence (2a) is that the accepted fact of John's being president in the future
is unexpectedly hot the sufficient condition of John's not having to get his organization
ready now. When the structural-constant 'even' enters into the configuration of indis-
pensable structural-constants belonging to séntenée {1a), there is an immediate effect
upon the 'meaning! of the individual morphemes: the event of John's being president is
now known to take place in the future; 'is to be! thus becoming a simple fututre tense
instead of being an indispensable structural configuration expressing necessary condi=
tion; the auxiliary ‘must' represents no longer an indispensable structural feature.
Sentence {2a) is synonymous with sentences of the following set:

{2b) Although John is to be president, he must get his érganiZation ready now.

{2¢) In spite of the fact that John is t6 be president, he still must get his organiza-

tion ready niow.

(2d) K John is to be president, he must get his organization ready now anyway.
Sentence (2d) shows very ¢learly that the listerier must be aware of the total structural

configuration of a sentenice before he can deterniine the meaning of the sentence, Since

sentence (2d) is exactly like senténce (1a) in shape except for its very last morpheme
tanyway'. The morpheme, 'even', in prenex position, prepares us psychologically for
a second c¢lause denoting an unexpected event; 'anyway' psychologically springs the event
denoted by the second clause as a Surprise. The partially interpreted sentence-type to
which sentence (2a) belongs is

(2e) Even if x f's, x (or y) must g.

The distinction between sentence-meaning and werd-meaning is particularly impor-
tant in clarifying the semantic nature of the free-variables 'any', 'ever’', 'whatever’,
and other related morphemes. Only if the two concepts are carefully kept separate can
one explain how it is that the meaning or the definition of the free-variable can remain
constant but the sentence-meanings of the structural configurations in which the mor-
pheme occurs can var—y-?’

Whereas it appeared at one time to me that free-variables were the only structural-
constants that behave in this peculiar way of apparently shifting in meaning in different
contexts, recent investigation has convinced me that this 'peculiar' behavior attends
many of the struct,uraleconstants.?’

Thisg theory opens the way to a solution of linguistic problems that have plagued
grammarians for a long time. I have recently proposed a solution? for determining the
proper occurrence of free-variable morphemes in gentences whose import has been
termed negative by grammarians, although their grammatical forms contain neither
explicit nor implicit negative morphemes. One of the results was to show that this
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‘negative! import, aseribed by grammarians to morphemes such as ‘few'; 'little';
ionly", '%oo6", and ‘hardly' ag opposed té their respective polar woirds 'many?, 'much’,
all', Tenough'; and 'almost' had been obtaified by the replacement of the original
hon=negative sentence under discussion by a negative sSentencé synonymous 6 it. The
negative Sentence had been derived by an unformulated, intuitive recognition that
senterices as wholes are related §emantically as synonymous although the negative
quality was erroneously assighed to a particular morpheme rather than té the sentences
meaning as a4 whole, However, by selecting only one negative grammatical string
as representing the canonical grammatical form of the sentehce under consideration,
they failed to see that there are many syhonyrmous sentences; Someé negative in form,
gome positive. Thus it was not posdible for them to understand the real function of
the strueturaiiaconst;arit* they had consgidered a8 '‘negative' a morpheme that is nét
becaiuse the selected structural-constant can écéur in other configura-
tions that do not give rise t6 a negative fundamental sentence-meaning. Furthérmore;
gince, by the riles that transform one gramimatical string into asother grammatical
string preserving the original sentence-meéaning, one can always transform a string
in which no négative morphemes appear int6 a synonymous string in which negative
morphemes do appear, the explanation offered appears very arbitrary. One has only
to look at gsentence (la) and the &entences synonymous to it to see this point. In
gentence (la) there is no explicit negation, but in sentence (2b) when 'unless' occurs
in the first clause, an explicit negation 'not' must occur in the second clauge, but
if 'only if' occurs in the first clause, the negation must disappear if the fundamen-
tal sentence-meaning i8 to bé preserved. It is this constant interplay of structural-
constants that the early grammarians overlooked. They relied upon intuitive seman-
tic paraphrasing only when they were forced into it by the need of explaining certain
phenomena in the language under analysis. The author is writing a paper on the prob-
lem of the occurrence of free-variable morphemes within these so-called negative

. contexts.

Elinor K. Charney
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D. FINNISH NOUN MORPHOLOGY

This report gives a description of parts of a set of rules that I have written for the
morphophonemics of Finnish nouns and adjectives.’ The ruies apply in a fixed order
and are assumed to operate on the output of the syntactic part of a grammar of Finnish
{this means that the rules may refer to the immediate constituent structire of, and the
8yntactic categories and syntactic boundary markers inivolved in, the forms on which
they dpér'a.-tes);z The complete set of rules takes care of the complete singiilar paradigin

of all "regular® (I use this word in a rather broad sense) Finnish nouns.® It will be shown

that the rules éstablished for the "regular® neuns apply without change to several nouns
and adjectives that are traditionally considered irfegilar. The complete set of rules
has beeén tested by means of 4 computer program that execites the rules in Sequence
and prints out the results both in the form of a matrix of distinctive feature specifica«
tions and in a phonemi¢ orthography.

The rules separate into two parts: a set of "morpheme=-stiructure riles," which fill
in feature specifications that are redundant by virtue of sequential censtraints on the
occurrence of the various segments, and a set of morphophonemic rules. The forms
upon which the morphophenemic rules operate are called base forms. The dictionary
part of the grammar of which these rules form a part will list forms in which only non=
redundant feature gpecifications are made; these forms, which the morpheme-structure
rules convert into base forms, are called dictionary forms. For example, in a
3-consonant sequence in Finnish, the last consenant must be a voiceless stop. The fea-
tures relating to the manner of articulation of this consonant do not have to be listed in
the dictionary, since only a stop can follow two consonants; one of the morpheme-
structure rules will add the features of obstruent and noencontinuant to any consonant that
is preceded by two consonants.

dictionary [ morpheme-]  base  [morphophonemic|  actual
structure | forms rules ; wordsg
rules ————— —

Congider the following paradigms:

"eyelash"  “child" "gki" "door"  "name"  "snow"  "large"

Nominative ripsi lapsi suksi uksi nimi lumi suuri
Genitive: ripsen lapsen  guksen  uksen nimen lumen suuren
Partitive ripsed lasta suksea  usta nimed  lunta suurta
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These forms will be predicted corectly if one assumes that the words have base
forms of ripse, laps, sukse, uks; nime, lum, and Suur and supplies the grammar

with rules whereby 1) e is added after certain consonants and clusters except
in the partitive case; 2) the first of a sequenice of three consonaiits formed at
a morpheme boundary is eliminated (uks + ta < usta; I am assuming the traditional
rulé 't'ha’i: 't'he parfitive 'eﬁaiﬁ'g‘ is a/a af’ter ai siﬁgle vawel; and ta/téi 'el“sewhere)':
;pomt of vartlculatlon of a followmg consonant.

Consider, for a moment; the rule that changes final ¢ te i. This rule not
only takes care of the alternation of i in thé nominative with g in the oblique
cases, but alse of certain other phenomena. Consider, for example, the forms
with a possessive suffix: the rule given applies only when the e is final, so
that ¢ would remain e when no possessive suffix follows. This is in complete
agreement with the facts

ripsi, "eyelash™; ripseni, "my eyelash"
lapsi, "child®; lapseni, "my c¢hild"
guksi; Mgki'; gukseni, "my ski"
lumi, "Snow™; lumeni, "my snoew"

Now consider situations in which an 8 in the nominative altefnates with a t or d
in the oblique cases. 5 It will be necessary to assume two separate morphopho_nemes

,t' and ¢ to represent those t"s that do not and do ‘altei*?ﬁ‘até—, reSpectiVely, with §; in many

‘of d@ubl,ets. suc,,h as }ak;g;/lgbg (p.ast tenge gf_ 1éhtga, "to 1eave ")r. means that ~there are

environments in which this ¢annot be predicted.

In t/s alternations, the 8 occurs either before i (the 1 may be either an alternant
of e in the nominative of nouns — see above - or the plural marker in nouns, or the past
tense marker in verbs) or in final position in polysyllabic nouns. The first class of
cases of t/s alternation thus requires a rule that states that ¢ = 8 before i. Then para-
digms such as '

"hand" "one!
Nominative kési yksi
Genitive kidden yhden
Ilative kateen yhteen

will be generated correctly if one assumes base forms of kic and yhe {a sequence of
velar plus dental is subject to regressive assimilation of the feature of continuity: ht
and ks occur, but hs and kt do not; this dissimilation rule will transform the underlying
form yhs1 into the correet form yksx)

What about the cases in whlch the i alternant of t is in final position and thus not
followed by i ? Example:
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ffreedom" heaiity"
Nominative  vapaus kaunheéus
Genitive vapauden kauneuden
Illative vapauteen kauneiteen

To answer this question, let us return to the earlier examples of ripsi, etc. Note that
these words are all disyllabic. Compare the examples above with the following para~

digms:
"gratitude" "event"
Nommatwe i tapaus
i tapauksen
Barntlve 7 a tapausta
Illative kiitokseei tapaukseen

These paradigms differ from those of lapsi and ;ﬁksi only in the nominative case, in which
the final i is migsing and the consonant ¢luster simplifies. The simplification of thé
final cluster is easily incorporated into the riles:. The rule already required for sims-
plifying ¢lusters in the partitive now reads

C=0Q (i.e., is deleted) in the env1ronment . C+C

(+ dénotes morpheme boundary). All that is needed is to change the énvifonment to réad
U ¢ {+ C} (# means word boundary); this would then transform kutoks and tapauks
mto the desued forms k1' o8 and tapaus. With respect t6 the fact that these wordé lack
a fipdal i, suppose that I Just added a somewhat ad hoc rule that deletes firial i if it
oceurs beyond the second syllable, so that kiitos would be obtained through an intermed-

iate stage k11 ks1 That is, one rule would add a final 1 and then another rile woiuld
delete it, wh1ch adm1tted1y sounds a trifle hocug<pocus-ish; however, it is no more coms=
plicated than the other solutions that present themselves, and, moreover, it turns out
that it automatically takes care of yapaus and kauneus if base forms of vapauc and
kauneuc are agssumed: the final i is inserted, ¢ = 8 before 1, and then the fmal iis
eiimiﬁated, This, incidentally, is exactly what l:iappened higtorically: vapaus < vapausn

kiitos < kiitoksi. However, historical considerations aside, the solution given here
seems likely to be the simplest synchrenic description of the presence vs absence of
final i and the t/s alternation, since it requres only the addition of one simple rule
{i-deletion in polys&llab,ic nouns), in addition to rules that already have to.be in the
g;i'ammar to take care of other phenomena.

Consider, now, such paradigms as

"‘tQch‘" n sprmg" "b]lly goat"
Nominative l.uamn,.nrm,s6 kevit kauris
‘Genitive hampaan kevadn kauriin
Partitive hammasta kevattd kaurista
Inessive hampaassa  kevddssd  kauriissa
QPR No. 68 182
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The phehomeénon to be aceounted for is the disappearance of the final consonant and the
appearance of the long vowel in the oblique ¢ases:. To explain this; let me digress for
a moment and treat the topic of the occurrence of vowel $equences in Finnish words.
The vowel sequences that can occur within a syllable are the long vowels, the high-
to-mid diphthongs (ie, y6, uo), and diphthorigs whose sécond member is a high vowel.
The long mid-vowels are of somewhat limited distribution: outside of a handful of recerit
loanwords, they only occur where they are created by some morphological process such
as the vowel lengthening that occurs in the thifd person singiilar of verbs, the illative
case of noins, and the oblique cases of the ¢lass of nouns mentioned in the last para-
graph. This means that aside from the loanwords, to which special rules will have to
apply anyway, there will be no base forms contdining long mid-vowéls. This means
that it would be possible to represent the high-to-mid diphthongs in base forms as if they
were the corresponding long mid-vowels ¢e, 86, 0o, and then obtain the high-to-mid
diphthongs by a rule that raises the first mora of a long mid-vowel. This decision, based
purely on the desire to simplify the statement of the occurrences of vowel seqiiences
withiit a syllable (instead of saying "long high or low vowel, high-to-mid diphthong, or
vowel plus high vowel," it how suffices to say "leng vowel or vowel plus high vowel"),
automatically rémoves an exception to the rules relating to noun plurals and the past
tenae of verbs. The rule in question relates to sequences of vowels that precede the
plural or past-tense marker i. Most Finnish texts state that the second vowel of the
sequence is lost except in the case of the high-to-mid diphthongs, in which the first vowel
is loat. If these diphthongs are represented as long mid-vowels, this exception disap-
pears, provided that the rule for the diphthongization of long mid-vowels follows the
vowel-elimination rule (which will now state simply that the second vowel is lost).
Example:

"eats" "ate" "to the road" "to the roads"”
Base form 880 880 +1i tee + lle! tee + i + lle’

Vowel elimination g8d 86 +1i tee + lle’ te + i+ 1le'
Diphthongization syb 88+ i tie + lle' te + i+ lle*
Final result: 8yo 86i tielle' teille'

Incidentally, these rules that I have established here for a synchronic description of
uo develop from Qld Finnish ee, 88, oo. The vowel sequences within a syllable (in base
forms) can thus be restricted to gémihate vowels and vowel plus high vowel. This means
that the grammar will contain a morpheme-structure rule corresponding to this restric-
tion; the simplest candidate for this rule is a rule according to which progressive
assimilation takes place when a vowel is followed by a non-high vowel within the same
syllable.

Let us now return to nouns of the hammas type. I will attempt to account for these
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with as little machinery as is absolutely necéssary beyond the rules already in the gram-
mar. I already have a riile that adds an ¢ in certain still vaguely specified envirofi-
ments. Suppose that it also applies to nouns of the hammas type. This will not affect
the nominativé case; since the final vowel woiild be \eliﬁix'iated later according to the
rule alréady established. Consgider the underlying forms for the genitive which would
then result:
* A. hampase +h  kévite +n  kaufise + n
If the s or t is removed, then a vowel sequence ae; de; ie, ete., will arise. If the
vowel-agsimilation "morpheme=structure” rule is moved into the morphophonemic part
of the graminar; then nothing more is needéd. The forms A would be transforied into
B. hampae +n kevie+n kaurie+n
by the consonant-elimdiniation rile and then into the desited forms
C. hampaa+n kevad +n  kaurii +n
by the vowel-assimilation rule.’ All that needs to be done now is to formulate the
consonant-elimination rule, provided, of course, that one can be formulated, some=
thing that I still have not established.
Nouns of the hammas type are all disyllabic. They can, indeed (assurhing the obvious
base forms of hampas, kevit, ke
ends in a single obstruent (i.e., a single consonant other than a liquid or nasal). Note

ig), be characterized as those nouns whose bage form

that nouns of the vapaus type, in which the final consonant is preserved, are trisyllabic
(va pa us; kau rie us).” This fact immediately suggests a possible rule: An intervocalic
obstruent is eliminated when preceded by exactly two syllables. However, a somewhat
simpler, neater, and more intuitive form of the rule can be obtained by taking into
account the alternating stress of Finnish. As far as I can determine, éxcluding certain
recent loans and foreign names, base forms are at most three syllables long, so that
a form obtained by the e-addition rule is at most four syllables long; the four syllables
would have the stress pattern /Uy v (strong-minimal-low-minimal). The intervocalic
obsgtruent is thug dropped if and only if it is preceded by a vowel with minimal streas.

The rules referred to here must apply in the following order:

(1) addition of e after a stem-final consonant,

(2) raising of a final ¢ to i in nouns,

(3) deletion of final i from polysyllabic nouns,

(4) deletion of an inteérvocalic obstruent when preceded by a minimally stressed
vowel,

(5) progressive assimilation of vowel segments within a syllable when the second
i not high.

Note that these rules take care not only of the oblique forms of the hammas type of
noun but algo the forms with possessive suffixes. Hammas, kevat, and kauris have the
following forms with a possessive suffix: - -
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kevaam, "my sprmg"
kauriini; "niy billy goat®

Starting from the forms
hampas +ai  kevit + ni kauris # ni
rule (1) produces
hampase #+ni  kevdte + ni  kaurise + ni,
rules (2) and {3) do not apply (since the e added by rule (1) is not final); rule (4) yields
hampae + fii  kevdie + ni  kaurié + ni,
and rule {5) yields the desired forms
hampaa + ni  kev#a + ni  kaurii + ni.
On the other hand; if there is rio possessive suffix in the nominative case, then the vowel
added by rule (1) is deleted by rule (3), which means that the g or t is no longer inter-
vocali¢, §o that rule (4) will not apply and the désired forms hammas, kevat, and kauris
will not be obtained:

Further confirmation of the validity of these rules ig given by the fact that the rules
without any modification predict correctly not only the complete singular paradigins of
all *regular™ nouns and adjectives, which is what they were established to describe,
but also the paradigms of several words that are usually regarded as “irregular." Three
such examples are the nouns gydén and tuhat and the ordinal number words. Consider
the following paradigms: o

"heart "thousand" "third"

Nominative  sydin o tuhat ,, kolmas
Genitive gydammen tuhannen"~  kolmannen
Partitive sydantd tuhatta kolmatta
Illative sydammeen  tuhanteen kolmanteen

The appropriate bage forms are s dhmm, tuhant, and kqlmanc. The nominative cage

forms are generated as follows (for the other cageg the derivations are obvious):

e-~addition sydimme  tuhante  kolmance
vowel raising syddmmi  tuhanti  kolmanci
cg ‘ gydimmi  tuhanti  kolmansi
i-9 syddmm tuhant kolmans
clugter gsimplification  sydam tuhat kolmas
final - dental sydén tuhat kolmas

sydamm tuhant kolmanc

J. D. McCawley
References

1. A paper that contains the complete set of rules, of which this is an abbreviated
version, will be available soon in duplicated form from the Mechanical Translation
Group, Research Laboratory of Electronics, M.I.T. Some of the rules are given here
in a slightly simplified (and thus incorrect) form i1 the interests: of simplicity; the differ-
ences are slight and affect only certain minor phenomena that are not treated here.
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2. The descriptive model that I use is described in detail by Halle, The Sound Pat-
tern of Rugsian (Moutorn and Companiy, Thé Hague, 1959).

3; All statements that I fake here for nouns also hold for = dJectwes, édjective mor-

phology differs in no way from noun morphology in Finnish.,

4. I use the terin "oblique cases" to refer to all cases except the nominative and
partitives.

5. The g is the result of consonant mutation, a process by which véiceless stops at
the beginning of short closed syllablés are modified. The larger vérsion of this report
cohtains a full tréatment of consonant mutation Files.

6. The mp/ram alternation is a result of consonant mutation.

7. In order for the vowel-assimilation rule to be able to apply; not only the conso-
narit but also the syllable boundary precedmg it will have to be removed. Note that it
is poss1b1e for the second and thired syllables to be separadted by a sylla.ble boundary but

a pa us. owel aggimilation does not occur in such cases.

Syllable bounda 8 5 nondxstlhétli}é it is inserted according to rules that
cotrectly predict its oceurrence.

8. ‘The au diphthong can 6céur in only the first syllable. In au sequences beyond
the first 8y lable, both vowels are syllabic, i e:, they are separated by a syllable bound-
ary, as in vapaus.

9. The obllque case forms of s;
raphy; however, a doiible m, is aetu

are written with a gingle m in standard orthog-
[y pronounced:

10, nn is the alternant of nt under consonant mutation,
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RESEARCH OBJECTIVES

This group sees as its central task the development of a general theory of language.:
The théory will atteinpt to integrate all that is known about language and to reveal the
lawful interrelations among the structural properties of different languages as well as
of the separate aspects of a given language, such as its syntakx, morphology, and pho-
nology. ‘The séarch for hngu1st1c universals and the .development of 4 compreheiisive
typology of languages are primary research objectives.

Work now m progress deals w1th spec1f1c problems in phonology, morphology, syn-

as w1th the log1ca1 foundat' ‘ns of the general theory of language The development of
thé theory influérices the various spec1al studies and, at the samie time, is inflienced
by the results of these studies. Several of the studies are parts of complete 11ngu15t1c
desceriptions of particular languages (English, Russian, Siouan) that are now in prepa=
ration.

Smce many of the problems of language lié in the area in which several disciplines
overlap, an adequate and exhaustive treatment of language demands closeé cooperation
linguistics with other Sciences. The inquiry into the structural principles of human
language suggests a comparison of thése principles with those of other sign systems,
which, in turn, leads natirally to the elaboration of a general theory of signs, sémiotics.
inguistics touches upon problems that have been studiéd by modern logic. Other
of interest to logicians = and also to mathématicians — are touched upon in the
studies devoted to the formal features of a general theory of language. The study of
language in its poeti¢ function brings liniguistics into ¢ontact with the theory and histoery
of literature. The social function of language cannot be properly illuminated without
the help of anthropologists and sociologists. Thé& problems that are -common to lin-
guistics and the theory of communication, the psychology of language, the acoustics and
physiology of speech, and the study of language disturbances are too well known to need
further comment here. The exploration of these mterd1sc1plmary problems, a major
objective of this group, will be of benefit not only to linguistics; it is certain to provide
workers in the other fields with stimulating insight and new methods of attack, as well
as to suggest to them new problems for investigation and fruitful reformulations of
questions that have been asked for a long time.

A. A NOTE ON THE FORMULATION OF PHONOLOGICAL RULES

This report deals with a restriction that must be imposed on phonological rules of the
type

() A~B inenv: X__ Y
-

Thxs work was supported in part by the National Science Foundation (Grant G-16526)
and in part by the National Institutes of Health (Grant MH-04737-02).



el e 055 . WALl i s e

(XXII. LINGUISTICS)

where the capital lettérs represent distinctive=feature specifications and X, Y, Z may

be null (i.e:, the rule may apply m all ehvirohments):

Following Halle! and Chomsky, we shall define segments {a} and {p} to bé phoriemi~
cally digtinct (i.e., nonrepétitions) if and only if at least one feature has a different value
in {a} than in {8}. Thus segments {o} and {8} below are phonemically distinct because
{a} is specified [+feature A] whereas {B} is specified [-feature AJ; segment {y}, however,
is phonemically distinct neither from {a} nor from {B} because there is not one feature in
{v} that has a different value either in {a} or {8}

segment:  {o} {5} {g}

feature A
feature B: + + ¥

We discuss possible interpretations of how rules of type (1) should be applied to seg-
ments of type {y}.

In particular, we want to detérmine how rule (2) should be applied to segment {y}:
(2) [#feature A]=[-feature B

Let us assume first; that rule (2) applies to segment {y;} and thus specifies {y,}as
[~feature B} Application of (2) to {p} and {y} will then produee the following distinctive-
feature matrix:

segment: {8} {y}
feature A: = 0
feature B: + -

Since segments {} and {y} were not phonemically distinct to begin with and since
they are phonemically distinct after application of rule (2), we conclude that

No rule may be applied to any segment if a feature to the left of
the arrow has not already been specified for that segment.

Now let us assume that rules of type {2) do not apply to segments of type {y}. We
begin with segments {e} and {y}. Application of rule (2) to these segments results in the
following matrix:

segment: {a} {y}
e

feature A:
feature B: - +

Once again we have succeeded in producing two phonemically distinct segments from
segments that initially were not phonemically distinet. We therefore conclude that
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A
‘The application of this restriction to specificatiohs in the environment is obvious.
T. M. Lightner
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B. VOWEL HARMONY IN CLASSICAL (LITERARY) MONGOLIAN

In Classical Morgolian (CM), vowels in a word must be either all grave or all acute,
in agreement with the gravity of the first vowel in the word. The vowel i, however, may
occur either with grave vowels or with acute vowels.

The CM voweél phones are as follows:

segment: U
~ flat:  +
diffuse: +
grave: +

+ 1 +0
1+ S

Al 4 O
A I ]

O+ T
+ 04

We would like to account for CM Vowel harmony in essentially the same way that
Halle accounts for Finnish vowel harmony.' We would require the following two ordered

rules:
[ [+voeTX)
\| egrv 1

(1) [+voc] = [agrv] in env:
{~ens | ' ‘ |

where X may be any number of nonvowel segments and may contain + boundaries or
juncture symbols but may not contain a pair of #'s (i.e., may not contain a
word boundary).

(2) [+voc] = [~grv]
| —cns:
{ =t
| +dif

In the examples below capital letters represent archiphonemes not specified for
gravity; thus U represents {u,ii}, etc. We omit boundary markers, since they play no
role in vowel harmony.

(@) emA =l= eme 'woman'

(b) barsUn  =l= barsun 'tiger (gen. sg.)'
(¢) barsl =l= barsi =2~ barsi 'tiger (acc. sg.)'
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The difficulty with this analysis liés in the existénce of words that have i for theis
first vowel phoneme (4rh_1_1‘gir_g one,' e.g.). Sifce the first vowel of these ‘stems is unspéci=
fied fo* g¥avity, it may be objected that oné rhay not formulate riile (1).

At first glance this géeems to bé a serious objéction: either oneé must discard the
intuitively correct analysis above or eéise oné mist specify i for gravity in these words —
and thus violate Halle's simaplicity criterion.?

Closer examination reveals that an objection of this type is ill-formed.

Given a word whose first vowel is i, there is no way to tell whether the éther vowels
in the word should be back vowels or front vowels. In actual fact, the other vowels may
be either front or back, depending on the particular morpheine in quéstion. The i in
these words tust, therefore, be specified for gravity. ‘

In short, the phonemic CM vowel system contains one more vowel than the phonetic
CM vowel system>:

Segmeiit:
~ flat:
diffuse:
grave:

e

+ + + £
+ 1 + 0
P+ e
18 F o8

L3k N
I+ &
+ &

[ AT

Examples of application of rules (1)-(3) to words whose first vowel phoneme is i or
i aré the following:

(d) bidAnU <1< bidendt (=2=  bidenii) of us (inclusive)'
(¢) inAdU =l= ‘ipadu =2« inadu 'on this side!

T. M. Lightner
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3, It may be of interest to note that in Proto-Mongolian there were phonetically
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Wntten Mo Johan (Otto Harrassowitz, Wiesbaden, 1954), p. 11.

C. ON THE PRESENT TENSE THEME o/e IN RUSSIAN

Most North Russian (R) dialects and a few South R dialects are comm’only considered
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{the so-called first conjugation). The remaining North R dialects and most South R
dialects are considered to have the present tense théme ¢. There are also a few dialects
that are considered to have both e and ¢: e before soft consonants and @ béfore hard
consonants.’

Thus, for example, the 2 Sg, 3 Sg, 1 P1, 2 Pl present tense forms of the stem pas-,
may occur in any of the following phonetic forms, depending on the particular dialect in
question:

A:  pas,; 68 pas, ét pas, dm pas, dt, e

B:  pas, é8 pas, ét pas, ém pas; ét, e

. nac L¥ { pas, 6t
C: pas, 0s ) { pas. ’e"t,}

pas; ém pas; ét, e

We cannot accept any analysis that postulates that the underlying present tense theme
is either ¢ or o for any R dialect (in fact, for any East Slavic language)-

Let us first look at type A (the contemporary standard literary dialect is of this type).
if the present tense theme is postulatéd as o, then the rules of the transformational cycle
will read, in part (we omit rules that are irrelevant here), as follows®:

++voc +~+V00
|=cns} |=cns|
~flt Lt

Cs1:  Transitive softening occurs in env: ..

C-2: [+v_o¢]; =@

|=ens |

i |
€=3: [+cns] = [+sharp] inenv: __ + g‘}+ X where X may not be null.

e
C-4:  Erase parentheses and returnto C-1,

We note that the specification of the environment in C-3 will be rather complex
because i, e, and o do not form a natural class of vowels.

Qur suggestion is to postiilate a front, rounded vowel, &, as the present tense theme.
Rule C-3 will then read:

C-3':  [+cns] - [+sharp] inenv: ___.  +{+voc|+ X

|-cns
L-erv
After all of the rules of the transformational cycle have been applied, the forms of
pas- listed above will be as follows:

A':  pas, 88 pas, 6t pas, 6m pas, 6t, e

‘We require now only the following phonetic rule:

QPR No. 68 191



A

(XX11. LINGUISTICS)
P-A:  [#flat] = [+grave]

Application of rule P-A to the forms above will give the correct final phonetic forms.
A" pas,d% pas, 4t pas; ém pas, 6t; e

We must prefer this analysis to an analysis that ises the present tense theme o
becatise ouf analy$is requires fewer distinctive feature specifications. .

Now let us examine type B. Thé postulation of a present tense theme e for this type
C-1 would have to be changed drastically: We would have t6 find some environment that
causes transitive softening in forms like ((p, is+a + €) + 1), ((xod+i + i) + u) — ultimately
p, iBet and x8%u —and prevents transitive softening in forms like {{xod#i # i) + at},
((smotrte + i) + at), ((pas + ) + u) ~ ultimately xdd, at, smétr, at, pasi. Such an envi-

ronment cannot beé of the simple form shown in rule C-1.

i, however, we were to postulate that the preseiit ténse theme for type B were &,
then we could use rule C=1 as it stands. We would now need only to have thé following
phonetic¢ rilé in place of P-A:

P-B: [=grave] = [~flat]

This rule will ensure that 6 = e and the final phonetic form of the examples given
above will have the (correct) vowel e.

At this point it should be clear that we want to postulate & as the present tense theme
for type C also. For these dialects we will require, not one, but two phonetic rules:

P-Cl: [+flat] = [+grave] inenv: ____ [+cons]
‘ ' T |-shrp

P-C2:  [-grave] = [-flat]

We must point out that the present analysis clearly brings forth the underlying unity of
R conjugation; the particular dialectal variations find their explication in low=-level pho=
netic rules, i.e., at a late stage of phonetic specification rather than at an earlier stage.

Although we leave Ukrainian (U) and Byelorussian (BR) conjugation for later studies,
we would like to mention the inherent plausibility that the present theme in these
languages is also 9.

In U the late phonetic rule will be P-B; rule C-3 does not apply in U. Thus the
present rules will generate the following U forms:

stem 2 5¢ 3 5g 1 Pl 2Pl

pas- pasés pasélt,) pasemd paseté 7

pista-  pif¥ed pide(t,) pifemo pisete
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In BR theé late phonetic rules will beé P-C1 and P-C2. Thus. the present rules will
gerniérate the following BR forms>:

1, o8- n, as, €8 n; as, €lc, ) n,as, om n, as, 4¢; o
G. H. Matthews, T. M. Lightner
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D. DISCONTINUOUS ONE:WAY GRAMMARS

Chomsky' defines a class of grammars each of which contains a finite humber of
rules of the form X1 8%, = X 9%y where A is a single symbol, and w # I. Such grammars
are called context-gensitive phrase structure (CS) grammars. Context-free phrase
structure (CF) grammars are a subclass of CS grammars for which all of the rules are
of the form A =, i.e., X1 and X2 are always null. A sequence of strings (¢1, ¢2, ey
4) ) is called a ¢-=derivation of a grammar G if¢ = ¢ 1’ and for each i (1<i<n) there are

trmgs A, X1 Xge ¢1, ¥, which are such that ¢, = q.cl xlez 4:2, ¢1+1 \{Al XI“’xz“‘z* and

X1 A%y = X ¥X, is a rule of G. The lan.guage L is the set of strings that do not contain
nonterminal symbols and conclude S-derivations of the grammar G. Such a string is
called a sentence of LG

CONVENTION 1: By w( n) is meant a string o that is n symbols in length, or that
is initial and/or final in a string, i.e., follows and/or precedes #, and not greater than
n symbols in length.

DEFINITION 1: (a) A left-to-right (L-R) ¢-derivation is a ¢-derivation in which
¥, andy, given above are always strings of terminal symbols, i.e., ¢; = yxAxy, ¢
yxwxy, and xAx =xwy is a rule of the grammar.

(b) A right-to-left (R-L) ¢-derivation is a ¢-derivation in which
X2 and \pz given above are always strings of terminal symbols, i.e., ¢ = YxAxy, ¢
Pyuxy, and xAx - xwx is a rule.

i#1 =

i+l

DEFINITION 2: (a}) An L-R grammar is one whose rule applications are restricted
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®6 that all of its derivations are L.-R derivations.

) An R-L graminar i§ one whose rule applications are restricted
seo that all of its derivations are R-L derivations.

fe) A one-way grammar is either an L-R grammar or an R-L
grammar.

DEFINITIQN 3: (a) A right discentinucus (RD) rule is one of the form leA'Xz -
s Wi S S

X7 97 %¢ - %me) “mX2
a string of the form ¢;x 1 Awy

where t = 1 and fy 20 (1€i<m). A rule 6f this type rewrites
(ng)

as q‘lxl“’l @y Wyly. s m—l m m\pz, where w0 (1<i<m),

and for some T, “’"‘z = W, . .qu)‘z‘ = Xy

(b) A left discontinuous (LD) rule is one of the form Xy Bx, =

. o S _z 4_“\,y T 3. Wi & B SEPING
X1%m %m-1 ¢ 1 X?_: whérée m = 1 and g =0 (i€i€m). Aa LD r(unh; rewrites a string

of the form U“l“’AXZ"Pz as "’1“m“’m“m-1 iel” P2 929 x2¢2, Where w, (1<i€m); and
$19m®m-1" 1 T X

Note that the rules defined by Chomsky® are special cases, both of RD rules and of

for some 7, q;lm =

LD rules, i.&., those in whichn; = 0 (I€i<m).

DEFINITION 4: (a) An RD grammar is a phrase structure grammar that contains
just RD rules.

(b) An LD grammar is one that contains just LD rules.
(¢) A discontinuous grammar i either an RD grammar or an LD

grammar.

DEFINITION 5: A discontinuous one-way grammar is either an L-R RD grammar
or an R-L LD grammar.

The following theorems and corollaries have been proved.

THEOREM 1: For each discontihudus one-way grammar there is an equivalent CF
grammar.
Proof is by reduction to a push~-down storage autematon (PDS). 2

COROLLARY 1: For each CF grammar — and thus for each PDS — there is an equiv-
alent nondeterministic PDS containing just three types of instructions in addition to a
single initial and a single final ingtruction. For each terminal symbol a of the grammar
the PDS has the instruction (a, Sl,a) = (5,,0); for each nonterminal symbol A the PDS has
the instruction (e, Sl,A) -(S , o), and _for each rule of the grammar A —w the PDS
has the instruction (e, $°, ¢) = (S}, ). The initial and final instructions are (e, S;,¢) =
(8¢, S) and (’e Sl’ 0) - (SO' a), respectively
for °°nﬂrucﬂng an equ:walgm CFg grammar,

THEOREM 2: For each discontinuous grammar there is an equivalent CS grammar.

G. H. Matthews
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E. CHILDREN'S GRAMMAR

In describing c¢hildren's granimar there are three objéctives that seem most impor=
tant. The first of these is to bé dble to examine language at particular times in its devels
opment as a self-contained system. The second is to be able 16 deseribe the changing
processes of this system as the c¢hild maturés. Thé third and mnost important is t6 gain
some ingight into the basi¢ capacities of the child to understand and produce language.

Most studies of childrén's grammar have measured thé percentagé and proporation
of what has been termed 'adult usage' in the child's language. 1 Such aspeéts 45 ¢oin-
pletenéss of séntence stiuctire and sentence len_g-t_h were the focus of these studies. 1
felt that such an approach would not contribute to réaching the objéctives stated above.
For these reasons; ifi this résearch program a transformational model of grammar was
used to describe  children's grammar. > This technique allows us to describe the rules
or categories from which the ¢child rhay generaté the Sentences in his language. This
grammar is analogous to a categorization theory of learning. The rules formulated for
generating possible sentences in a language are the categories of grammatical structure
in the language (the negative sentence, the imperative sentence, étc.). It ig hypothesized
that the attributes of a given category are memorized and the child can then produce
new instancés of the category.

1. Method

The language of 159 children ranging in age from 2 years, 10 months to 7 years, 1
month wag elicited and recorded in various stimulous situations: (a) responses to a pro-
jective test, (b) conversation with an adult, and (c) conversation with peers. The last
two situations took place both in controlled and in free (classroom) environments. The
language sample produced by each child was analyzed by using the {ransformational
model. A grammar was written which contained rules to produce all of the sentences.

in the total language sample. 3

2. Results

It was found that all of the basic structures that generated all of the sentences
obtained could be described within the framework of the transformational grammar.
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Almost all of the stricturés used by adults 10 generaté their sentences were found ih
the grammar of the youngest ehildren {youngest 4-ménth age range). Structures that
are nonconsistent with adult use of rules occurred infrequeéntly. These were termed
strictures restricted to a children's grammar. There were few significant differénces
in the usage of all structures by males and females or by childreni whose 1. Q. is above

oF below the mean 1. Q. of the sample population.

It was also found that most of the stfuctures were used at an early age and used con-
sistently. Most of the structures that were still in the process of being acquired by the
youngest group were also still in the process of being acquired by the oldest group (first-
grade children). * There was a steady increase in the percentage of children using the
various structures as they matured:

A subsample of the population was presented with sentence examples of the various
syntactic structures taken from their 6wn language sample and asked to repeat these
8eritences after the experimenter.

These examples consisted of a set of sentences exemplifying transformations found
in both children's and adults’ grammar and a set of senténces exemplifying structures
restricted to a children's grammar. This study was undertakento determine the differ-
ences, if any, between the production of lariguage and innate capacity. It was found that
success in repetition was not correlated with sentence length at all but, rather, with
the specific structure of the sentence. Also, it was found that although these children
produced the restricted structures in their spontaneous language, they corrected these
forms when asked to repeat. Significantly more of the youngest children corrected these
structures.

3. Additional Data

One developmental trend observed in this analysis of children's grammar was the
use of alternate rules by the same child. That is, the children generate their sentence
from rules that conform with adult use of rules, and, simultaneously, from rules that

are restricted to a children's grammar. For example, some children under 3 years of
age use the rule:

pronoun + singular + first person in the context subject or object becomes me.
{"Me have this one. ")

Simultaneously, they use the rule:

pronoun + singular + first person in the context subject becomes I.
("I like that. ")

It was found that the use of alternate rules, on the whole, gradually declines from
the beginning age range of the sample population to its end. However, the specific rules
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that areé alternated charige through this age period as the children mature. For example,

restricted forms at the youngest age level but not at the oldest. On the other hand, tense:
restriction in conjunction ("They get rnad and theén they pushed hiin. ") aceounts for a
significant number of the restricted forms at the oldést age level but hot at the youngest.
‘These data may give us further insight inte the notions of simplicity or complexity of
children's grammar and the concepts of differentiation snd integratisn in language
learning. L ,
Paula Menyuk
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F. THEORETICAL IMPLICATIONS OF BLOOMFIELD'S
"MENOMINI MORPHOPHONEMICS"

At least two publications written during the final decade of Leenard Bloomfield's

career contain extensive use of ordered descriptive rules: "Menomini Morphopho-
ne;mis:s“l and the first four chapters of "Eastern Ojibwa. n2

"Menomini Morphophonemics" (MM) is a well-known example of experimentation
with synchronic morphophonemic rules. Bloomfield emphasizes that the rules occur in
a purely descriptive order, but the form of the rules and their application démonstrate
a limited notion of the concept "rule, " and unavoidably reflect his comprehensive under-
standing of historical Algonquian. 3

1. The Form of the Rules and the Order

The morphemes are written in morphophonemes and constitute the "basic-forms"
of the language, the input to the morphophonemic system. These basic forms are com-
bined and then transformed to phonemes by the morphophonemic rules.

The rules are of the form:

{1) A = B in the environment C

and are generally classed according to the environment C, not according to the process
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A =~ B of to thé units that initeract in that process, A, B. In other words, rule (1) can

be combined only with a rile

{2) P = Q in the environmert C

Thus a numbered rule consists of many processes or subrules that all ocsur in the saime
énvironment: :
{3) Rule N: a) A =

in énvironmeént C

It cah be showti that the subrules of N, (a...n) often must apply simultaneously, i.e.,

if applied in any order, the output is ificorrect. In the only ¢ase in which different proc-
ésses must be ordered, even though they occiir in the same environment, they are written
&s two separate numbered riles.

Bloomfield was working with a series of ordered énvironmerits. For instance, the same

process is written in two Separate rules only because the rules have different environ-
ments. Rules (4) and (5) are presented as disjoint because the environments are dis-
joint, although it is just that characteristic that should allow them to be cembined:

{4) R =S inenv. X

(5 R ~S inenv. Y

A rule of the form (4+5) was not an alternative for Bloomfield.
{4¢5) R = S in emr{}é}

The constraint that does not allow rules of the type (4+5) limits the power of any
simplicity criterion. Since rules are combined by common énvironments only, the goal
of descriptive simplicity in MM would have the effect of minimizing the number of envi-
ronmental statements, but the number and ordering of the processes within the ordered
environments would be immaterial to the grammar. The resulting system is redundant
because environments often cannot be ordered when the processes occurring within those
environments might be ordered to great advantage.

In spite of these limitations, Bloomfield presented ordering depths of at least five
rules, apparently operating with the goal of minimizing the total of numbered rules, that
is, the number of environments. Efforts to reduce this number by reordering the MM
rules have very little effect.
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2. Simplification of the MM System

The Menomini morphophonemic system as presented in MM can be significaiitly
simplified if different environments with procésses in commmon may be coinbined. For
example, if rulés of the type (445), as well as of the type (3), are allowed, the original
MM vowel assimilation subsystem can be rediiced from 33 process stateinents to 24
Wwithout the inventionh of any new statemenis. Reordering and combinations make the
existing system redundant so that 9 statements may be deleted,and no new ones need be
added. If new rules of the same type are devised (still by using phonemic notation) the
assimilation systém can be further reduceéd to 13 statetnents.

The general application of these synchronic methods to the entirée MM morphopho-
nemic system halves the number of process statemernts, decreases the mimber of morpho-
phonemes from 26 to 18; and leaves the total number of different environment statements
unchanged. These simplifications of the MM systein aré based entirely on éonsiderations
that are inte‘rf-ﬁai to the 'sy‘ﬁchrbnic descriptian of the Menomini fl;anguagé-

,jsystems are ralsed by Menomxm. A gene-rall .hlgh-vowel assm;latzon. system is desqr;bedf:

1 ) 1

(6) y+& =~ & y+e = i
wWt+te = O w+e = i
yte = e y+® = i
W + 28 - 0 wW+E = i

all in enwironment C e

Here, column I shows progressive assimilation with respect to gravity, column II pro-
gressive assimilation with respect to diffuseness. These facts would be easily describ-
able were it not for the fact that the affected vowels in column I are /e, €/ and in column
I1 /& e/. Short /=/ acts with long /&/ and long /&/ with short /e/. This grouping can be
described in features (the Menomini vowel system is a quadrangle):

{7) |along
Bcompact
[~erave

columnl: a=~§
columnIl: e¢=p

But there is no way to differentially describe the processes in columns I and II, except

At -best, thx;s would mtmduc,e a new te.c,hmque lmto, the system. If fe/ and /ee/ are first
exchanged in this environment, the system would become

(8) I e

w+€& = 0§ W+E =~ i
yte = e yte = i
w+o = O wWte - i

QPR No. 68 199



(XX11. LINGUISTICS)

The descriptive rules weiild be

, A , . , -voe
(99 1 [-compact] = [agrave] -cons |
inenv. | agrave)

I' [+ compact] = [+diffuse] [-grave]

{a later general rule deletes the semivowels).

To exchange fe/ and /e/ in phonemic notation would be extremely cumbersome;
although possible if it were required that all subrules of 4 numbered rule apply simul=
taneously:. Since Bloomfield's system must have that requirement, he could have written
a rule:

(10) a)e - = fiy“:
b)ee - e in env. C{w}

As long as (10a) and (10b) apply simultanecusly, there will be an exchange between /e/
and /=/. But if the rules are ordered, then both /e/ and /e/ will end up either as /e/
(order: a;b) or as /#/ (order: b,a):. A third element B that is discrete from all of the
elereénts at this point in the systérm must be intréduced.

iR e E y
in env. C{w}

In distinctive features (10a) and {10b) would be

(11) a)e = B
ble = e
¢)B = e

(12) a) {- compact] = [+ compact] o ,[:-voc}:] [+V<E ]
b) [+ compact] = [=compact] €%V [tcons] | <cons | | -grave

This would produce the same preblem as (10), but, by using the variable §, rules (12a)
and (12b) may be combined g0 that effectively they occur simultaneously.

(13) [p compact] = [*B compact] inenv. (12)

This has made use of the existing convention that ~ + = ~ and ~ - = +, also used for some
cases of assimilation, *

For correct syllable syncope in the lengthening of vowels and for correct vowel
raising, in certain positions glottal stop must be interpreted as V?V. After the vowel
length and height rules are applied, the introduced vowels surrounding the glottal stop
are deleted. Thus there are two rules

(14) m) °? - Vv
n VoV - 2

which dramatically simplify the length and height systems intervening between (14m) and
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{14n). Unless a more thorough examination of Ménomini shows this to bé unhecéssary,
it will remain an example of the addition and exact deletion of segments within the mor=<
phoplisnemic grammar.

3. Evaluation of the Simplifications

Is it possible to motivate the simplifications discussed above other than by the crite-
rion of orthographic efficiency? The simplifications are in accérd with the principle of
descriptive simplicity but this is, at bést, only an indication of the éfficacy of the sim-
plifications: It is important to show that the new simplifiéd system satisfies ¢riteria
other than that 6f simplicity itself.

Although noe criterion is formally proposed, there are ¢ertain commerts by Bioomfield
‘which imply (perhaps unintentiénally) ah indicater of thé accuracy and usefulnéss of any
descriptive system of ordered rules. This inidicator i§ the gimilarity of the morphophos
neres and early rules of thé synchronic déseription of a language to the corresponding
forms in the reconstructed proto-language. 5

Bloomifield divides the morphophonémic system into two parts, (a) the morphopho=
hérmes and the first 18 rules, and (b) the last 17 rules. He points out that the rules of
the latter subsystem "approximaté the historical development from Proto-Algonquian
to present-day Menomini. " Expanded as a general statement, this suggests that the
mechanism of diachronic linguistic change is simply the orderly addition of new rules to
the grammar. Bloomnifield confirms this imiplication by noting that the early subsystem
of MM resembles the early subsystem of the ancestor language, reconstructed Proto=
Algonquian. The rules added to describe diachronic change must be affixed to the end
of the grammar, and the morphophoneries and the rules at the beginning of the morpho-
phonemic system should remain unaffected over long periods of time. Thus the correct
description of a language, based only on synchronie data, according to this view, should
incidentally display morphophonemes and early rules identical with those of the parent
language.

4. Comparison of MM and the Simplified System with Proto-Algonquian

The morphophonemes and early rules presented in MM "bear some resemblance"
to the corresponding systems of Proto-Algonquian, and indicate that this early subsystem
has remained fairly constant. If the synchronic simplifications of MM are correct
improvements, then the early subsystem of the simplified description should show an
improved resemblance to the corresponding Proto-Algonquian forms and rules. Consider
the following comparisons of the forms and rules of Proto-Algonquian and the Menomini
system, as presented in MM and also as simplified by synchronic descriptive techniques.

The short vowel and semivowel system of Proto-Algonquian analyzed by Bloomfield
from four Algonquian languages has four vowels:
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(18) i o
e a

This systern in MM is much more complicated:

{16) e o,u Wy

9 @& a
A measure of the complication is that the transformation of {15) to {i6) would require
extrémely intricate correspondence rules. Biit the simplifications of (16) based only
on syhchronic considerations reduce it to a new four-vowel system:
{I7) e o

k-3
This system is essentially the same as the Proto-Algonguian system. System (16) can
be transformed to system (17) by the addition of one sifnple rule:

(18) [=grave 1 _ [=-diffuse |
| « diffuse | * & compaet |

which demonstrates that the morphophonemes of the improved system are much more
similar to the Proéto-Algonquian forms than are those présented in MM.

Now ebserve the corréspondences among sorie early rules. Proto-Algonquian has
the rule:

19) g; g = in environment i

-0

‘The reflex of thig rule in MM is

(20) a) t =~ ¢ e’

) n - & in envirenment . _{ e

& - 2 | y ) .
where (19a) and (20a) correspond, but (19b) and (20b) and the environment are dissimilar.
A correspondence rule would have to change /8/ to /n/ and /i/ to [e,&,y/. In the sim-
plified Menomini system the rule is interpreted as

21) a)t - ¢
L

b) 6 = in envirenment._._e

If rule (18) is applied to the Proto-Algonquian system (19), it becomes identical with
The morphophonemes and early rules of the simplified synchronic description of

of the unsimplified system in MM. Thus the application of the synchronic methods
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résulted in a description of Menomini which is implied but not fully realized by
Bloomfield. o
T. G. Bever
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RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH

‘Our basic objéective is a better understandmg of thé comrnuiication senses. Hearing,
in particular, will continue to receive our major atténtion,

A number of experimental studies are aimed at increasing our knowledge of the neural
coding of sensory stimuli. These includé: récording from single nerve cells located in the
accessory olive of the cat under conditions of binaural stimulation; patterns of single-unit

act1v1ty in the cochlear nucleus of cat in relatmn to the sound stlmulus and anatomlcal lo-

11ght and shadow in the visual f1e1d Studxes of "ong01 g“ act1v1ty also contmue to ‘be of
interest. A study of conditioning of the bullfrog's heart rate by sound stimuli is aimed at
determining which sounds get coded into thi§ animal's auditory system and at his behavs=
ioral responses to natural and unnatural sounds

tric act1v1ty w1th physmlogwal state These mclude behavmral studles of rats w1th gross
electrodes recording from locations on and in their sensory pathways; studies of neuro-
eleectric activity recorded from ¢ats in different stages of sleep and wakefulness; studies
in unanesthetized cats with brain stem sections of cortical responses to shocks delivered
to the sensory pathways; and studies of the olivocochlear bundle.

The development of mathematical models closely related to neurophysiological mech~
anisms is a major effort of the group. In this category are the following modeling Studies:
coding of auditory signals as patterns of neural impulses in the eighth nerve; mechanisms
of some features of binaural localization; some limitations on auditory discrimination

ThlS work was supported in part by the National Science Foundation (Grant
G- 16526) and in part by the National Institutes of Health (Grant MH-04737- 02).

Visiting Professor in Communication Sciences from the Brain Research Institute,
Umver51ty of California at Los Angeles.
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Medecme (Paris).
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1"H.Also at Massachusetts Eye and Ear Infirmary.
nIStaff Associate, Lincoln Laboratory, M.I.T.
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implied by the nature of per1phera1 coding; and “ongoing" activity of single units.

PsSychophysical studies form an important adJunct to the physiological and modeling
work: These include studies of judgments of various binaural patterns, and of digcrimina=
bility of noiselike signals.

Considerableé instrumentation is involved in our experimental work, in presentation of
stimuli, recordifig and processing of netroelectrical signals, and physiological momtormg
of the animals. Désign of instruments ranging from telemetering systems to mixer-

nplifiers, from real-time correlators to heart-rate metérs; from digital devices for
generating precisely controlled sounds to sacks for Pestraining ¢ats are an important and
indispensible part of our effort.

Close cooperation with the Eaton-Peabody Laboratory of the Massachusetts Eye and
Ear Infirmary and with various groups at Lincoln Laboratory, M.I.T., continues to play
a c¢rucial role if our work. In particular, we anticipate a number of ifnportant applica~
tions for the LINC, a Laboratory Instrument Computér of considerable generality and
utility, developed at Lincoln Laboratory under the leadership of Wesley A. Clark and with
the collaboration of séveral Lincoln Laboratory staff nembers, the engineering assist-
ahce of Lt. Charles E. Moliiar of Air Force Cambndge Research Laboratories, and the
aid of members. of the Reseéarch Laboratory of Electronics.

M. H. Goldstein, Jr., W. M. Siebert, W. A. Rosenblith
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A. BINAURAL INTERACTION IN SINGLE UNITS OF THE ACCESSORY SUPERIOR
OLIVARY NUCLEUS IN CAT

There has been conjecture as to the physiological mechanisms assomated with the
localization of sounds in space, and a number of models have been proposed -3 How-
ever, there were meager electrophysiological data on the behavior of single units until
the work of Galambes, Schwartzkopff, and ,Rup.er-t.4‘ and even that study was far from
exhaustive. Psychophysical experiments with humans indicate that the difference in
time of arrival of the stimuli at the two ears, the difference in intensity of the stimuli
at the two ears, and the average intensity (average of intensity at left and right ears
expressed in decibels) are all influential in determining the apparent position of a sound
source,s’7 Also, these experiments indicate that human observers are capable of
detecting extremely small interaural time differences (of a few microsfeconds‘).8 and
extremely small interaural intensity differences (of a few tenths of a deci,b,el).""

In an attempt to obtain electrophysiological data that are pertinent to a better
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understanding of the neurophysiology of binaural localization, we are investigating the
electrical activity of single nerve cells in the accessory nucleus of the supsrior olive

in cats under conditions of binaural stirnulation. Anatomical and electrophysiological
considerations indicate that this is a reasonable place in which to look. As far as is
krniown, the accessory nucleus is the most peripheral station in the classical ascending
auditory patliway to receive inputs fiom both 'ears..i'o Previous eleéétrophysiological
studies have demonstrated the existence of neurons in the accessory nucleus which are
extremely sensitive to small changes in interaural time difference.® We have recorded
from several hundred cells in the accessory nucleus; giving major attention to the qués-
tion of binaural interaction. A summary of our present resuits is given here. A model
is suggested which is in agreement with s6me aspects of binairal localization of sounds
in both cats and hurans.

1. Methods

We have used as stimuli clicks presented through earphones. Clicks have the desir-
able feature of being punctate in time. Earphones provide independerit control of inter-
aural time and intensity différences, which is not pessible with free=field stimulation.
Clicks are produced by applying 100-psec regtangular voltage pulses to PDR-10 ear-
phones.

We have tried several kinds of microelectrodes and have settled on an etched
stainless-steel electrode: The etching and insulating procedure is essentially the same
as that described by Brown and Tasaki, 1 put we also plate the tip of the electrode, first
with copper and then with platinum black.

An anesthetized (Dial) cat is in a soundproof, electrically shielded chamber. We
position the electrode on the ventral surface of the medulla, using the rack and pinion
controls of a stereotaxic instrumént. The electrode is advanced by means of a hydraulic
micromanipulation system from outside the soundproof chamber. As the electrode is
advanced, we present the cat with a stimulus consisting of clicks at approximately -50 db
relative to 4 volts across the earphones (approximately 50 db relative to visual detection
level of the slow potential observed in the accessory nucleus) with an interaural time
interval of 25 msec and an over-all repetition period of approximately 300 msec. At
the same time, we meonitor on an oscilloscope the electrical activity picked up by the
electrode.

The position of the electrode tip relative to the accessory nucleus is determined by
one or more of the following methods: (a) We measure the depth of penetration of the
electrode froi the surface. (b) We measure the position of the electrode relative to
the depth at which the slow-wave potential reverses polarity (see below). (c) In some
cases we have marked the eléctrode position by passing a current through the electrode,
with subsequent histological control. As far as we have been able to determine, the
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nérve cells that exhibit binaural interaction are located in or near the accessory nucleus.

We have takeén as a measure of unit activity the percentage of stimulus presentations
t6 which the unit responds at least once. We determine this by presenting a given nims=
ber of stimuli (usually 50) and counting the number of stimulus presentations to which
the unit responds. In most of the cases this has been onzline by means of a level dis-
criminator and electronic countér. Ina few cases we have recorded the responses on
magnetic tape.

2. Results

As the electrode is advanced;, we see two distinct kinds of electrical dctivity. One
is what Galambos and his co-workers have termed the "slow-wave" poténtia14; the other
is spike responses from individual nérve cells. The slow=wave potentidl follows the
patterii described by Galambos, and others. Ventromedial to the accessory nucleus;
stimalation of the contralateral ear evokes a negative=going slow wave, and stimulation
of the ipsilateral ear évokeés a positive-going slow wave. Dorsolateral to the accessory
nucléus, the polarities are reversed. While this slow wave may, in some Seénse; rep=
resent the excitation foF cells in the accessory nicleus, we have not attempted to study
in detail the interaction between slow wave and unit activity. We have been interested
in the slow wave only ihsofar as it provides an indication of the position of the electrode
relative to the accessory nucleus.

We have observed firing patterns of cells showing many sorts of binaural interaction.

We shall mention briefly two kinds of intéraction. Some cells show summation, in that

-80 -70 =60 =10 -8 -6 -4 -2 0 2 4 6 8 10
INTENSITY (db). RIGHT T LR‘(‘MSE.C)
‘LEADING =
(a) (b)

LEFT
LEADING

Fig, XXII-1. Cell showing summation of stimuli to two ears. (a) Monaural
intensity series. (b) Effect of interaural time difference. P
is relative frequency of firing measured over 50 stimulus pres-

entations at a rate of ~3 per second; TLR is time difference

between clicks in left and right ears.
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- if the stimuli are presented simultaneously to the two ears they respond more than they

R O

réspond to stimulation of either ear alone. This summation may eXtend ovér séveral
milliseconds, as shown in Fig. XXIlI:1, or over a few hundred microseconds, as in
Fig. XXHI-2. This property has been observed in approximately 20 cells.

Other cells have the cyclic behavior shown in F.g. XXII1-3. As the interval between
the clicks to the two ears is varied, the unit shows sevéral successive peaks of excit-
ability. We have séeén three such cells, all with a time between adjacent peaks of
approximately 1 msec.

‘The group of cells in which we are most interested shows the propérties summarized
in Fig. XXIII-4. These ceélls réspond to monaural stimulation of the contralaterai ear,

1 '0 -
ONLY

a%0 <80 =70 260 ; 0
INTENSITY (db) RIGHT T g (HSEC) LEFT
LEADING H LEADING
(a) {b)

Fig. XXIII-2. Cell showing summation of stimuli to two ears. (a) Monaural
intensity series. (b) Effect of interaural time difference.

1.0

a0,5 |

%o -8  -® -5 <10 -5 0 05 10 i35

INTENSITY (db) RIGHT 7 (g (MSEC) LEFT
(@) LEADING b LEADING

Fig. XXH1-3, Ce.l showing cyclic interaction of stimuli to two ears. (a) Monaural
intensity series. (b) Effect of interaural time difference. "
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R—40db

251
ILEFT

% -5 o 751
RIGHT Ty (WSEC)
LEADING R

Fig. XXIH-4. Effect of interaural time difference,
interaural intensity difference. Cell
on left side.

but not to monaural stimulation of the ipsilateral ear. For all of theseé cells, the
percentage of stirhulus presertations to which the unit responds can be decreased either
by making the stimulus to the ipsilateral ear more intense while holding interaural time
difference constant or by making the stimulus to the ipsilateral ear arrive earlier
while holding interaural inténsity difference constant.

There is a striking parallel between the properties of cells of the type shown in
Fig. XXIII-4 and results of psychophysical experimentation in humans. The respon-
siveness of these cells (we have recorded from appreximately 50 of them) is a function
of interaural time difference, interaural intensity difference, and average intensity.
These parameters are also involved in determining the apparent location of a sound
source with humans. This parallel of physiological and psychophysical data has led us
to suggest the following model for the process of binaural localization: Binaural stimuli
excite cells in the left and right accessory nuclei. If the stimulus at the left ear is
more intense or arrives earlier than that at the right, more cells will be excited in the
right accessory nucleus, and vice versa. Because of the sensitivity of these cells to
both interaural time and intensity difference, time and intensity differences can be made
to offset each other at the level of the individual cell. The psychophysical judgment of
sidedness comes about as a result of any imbalance of the number of cells excited at
the left and right accessory nuclei. This schema is similar to one proposed recently
by van Bergeijk,,3 and, as pointed out by van Bergeijk, it has a great deal in common

of our model is shown in Fig. XXIII-5.
In our model we assume that each cell that we observe is representative of a popu-

lation of cells, and that the system is symmetrical; that is, there are similar popula-

tions of cells in the left and right accessory nuclei, Although we are restricted to
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ACCESSORY
[ NUCLEUs

LEFT EAR

Fig. XXIII=5. Cells in both left and right aécessory nuclei are innérvated by

1.0 —

excitatory inputs from the c¢ontralateral ear and inhibitory inputs
from the ipsilateral ear. Ascending fibers from both accessory
nuclei go to hypothetical "higher centers." The psychophysical
judgment of sidedness is related to thé relative number of cells
responding at the two sides. The two solid cells are intended to
indicate that the system is symmetrical, that is, in the model
each cell on one side has its counterpart on the other.

L-60db
R-65db

RIGHT

N
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80 - 40

: : , ) 0 250 500
(a) LEADING (b) LEADING

Fig. XXI1-6. (a) Monaural intensity series. (b) Effect of

interaural time difference and interaural
intensity difference. Cell on right side.
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observing cells on only one side at a time, we can infer the behavior of corresponding
cells on the opposite side by this assumption. A typical example is shewn in
Fig. XXMI-6. This cell was situated 6n the right-hand side of the cat. We observed
the activity of the cell over a range of interaural time differerices from plus to minus
500 psec, where positive numbers indicate that the stimiilus to the left ear is leading,
and negative numbers indicate that the stimulus to the right ear is leading. Two inten-
sity conditions are illustrated: left 60 db, right <65 db; and left -65 db, right —60 db.
In order to infer the behavior of a hypothetical symmetrical cell on the left side, we
interchange "left" and "right," both for time difference and for intensity difference, for
one of these two curves. The resulting plot for the cordition left -60 db; right =65 db
is shown in Fig. XXIi1=7,

For purposes of the model, we are interested in the relative number of celis 'f'i'ring’
at the two sides. We have taken as§ a measure of this (RL PL/(PL+PR) where PR
the probability that the cell on the right will fire to a given stimulus presentation, and
PL is the probability that the hypothetical cell on the left will fire to a given stimulus
presentation. This measure is bounded between 0 (¢orresponding to activity on the right
and no activity on the left) and 1 (corresponding to activity 6n the left and no activity
on the right), ahd is symmetrical about 0.5. That is; since (RL 21 = (RR where
(BR R/ (PL+PR) the eurve of (RR is the curve of (RL reflected about the 0.5 level.

If we had a homogeneous population of cells, we would be able to generalize directly
from the behavior of a single cell to the total number of ¢ells responding. Although we
do not have a homogeneous population, it is still possible to set bounds on over-all activ-
ity from our data. As an example, considér the situation in whi¢h the stimulus to the

left ear is more intense than the stimulus to the right ear, and the two stimuli are

M GELL-QNRIGHT

L -60 db
R - 65.db

_ GELL.ON LEFT
4 »( HYPOTHETICAL)

50 20 0 2% 50

RIGHT 7 g (HSEC) LEET
LEADING LR LEADING

for original condition (left, -65 db; right, -60 db). Dashed line
shows PL/ (PL+PR) = (RL

Fig. XXHI-7. Same cell as in Fig. XXIII-6, with "left" and "right" interchanged
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presented simultaneously. While ® is not necessarily the same for any two cells, &

is less than 0.5 for all cells that we have observed. Therefore we are justified in saying
that, on the average, more cells respond to this particular stimulus configuration in
the right population than in the left population.

Figure XXIII+8 suthmarizes the behavior of a typical cell. In this plot, <BL is shown

on the ordinate and interaural time differéncé is shown on the abscissa. Interaural

intensity difference is held constant at 5 db, and average intensity is the parameter.
Keeping in mind that {a) the data are from cats and (b) the model is highly simplified,
we can compare predictions of thé model and psychophysical resiilts from humans. The
effects of interaural time and iriteraural intensity differeénce are in qualitative agrée-
ment. With zero interaural time differénce and the stimulus to the left ear more intense,
we have 0 s(RL <€0.5, ¢corresponding t6 "image to the left." If interdural intensity dif-
ference and aversdge intensity are held constant and the stimulus te the left ear is made
to arrive edrlier, (RL decreases, corresponding to movement of the itnage to the left.
Interaural time difference can offset the effect of interaural inténsity differénce for
individual cells in terms of the model, just as it ¢an in human cerntering exper-iments—.‘s’ 6
At point A in Fig. XXIII-8, for example, the stimulus to the left éar is 5 db more intense
but lags the stimulus to the right ear by 120 psec, and ® = 0.5, correspondiig to equal
firing probabilities at the two sides. In this sense an interaural intensity difference
¢an be said to be "equivalent" t6 an interaural time difference, and we can define a time-
intensity trading ratio in microseconds per decibel. The time-intensity trading ratio
for point A would be 120 usec per 5 db, or 24 psec per db.
In Fig. XXIII-9, this time=intensity trading ratio is plotteéd as a function of average
intensity for 12 cells that we have observed. The dashed lines indicate the range of
time-intensity trading ratios obtained from human subjects presented with clicks with

L-50db
N R-55db

~jRo65 db

-500 2% 0 2% +500

RIGHT - ‘ LEFT
LEADING LR (HSEC) LEADING

Fig. XXIII-8. Effect of interaural time difference and average intensity on tRL
Interaural intensity difference, 5 db. -~
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-9

Fig. XXHI-9.

Fig. XXIjI-10,

QPR No. 68

AVERAGE INTENSITY (4db)

Time=intensity trading ratio for human beings compared with that
computed on the bdsis of thé model. The dashed lines icate
the range of time-intensity trading ratios for humans (see E. E.

David et al '6), Solid points represent time-intensity trading ratios
computed from sihgle units on the basis of the model. Points from
the same cell at different intensities are joined by a solid line.
Not shown on this graph are two points ¢ puted 5
lowsthreshold ¢ell: =99.5 db, 430 psec/db; -101.5 db,

- 60 db
- 65 db -
L =70db. e\
R=75db™ =
(a0 | \
N R-45db]
| =7 AN
=00 =200 0
RIGHT 7 g{HSEC) LEFT
LEADING LEADING

Slope of curves in Fig. XXIII-8. Ordinate is the change in ®,
resulting from a 100-psec change in interaural time difference.
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a given interaural intensity difference and asked to obtain a centéred image by adjusting
the interaural time difference (see David et z‘arl.,‘6 Fig. 5, impulse). The two sets of
results are in c¢lose agreement; ¢onsidering that they refer to two different Speciés,
ete., and they both show a trend downward with increasing intensity.

The range of interaural time différences over which a change in interaural time dif-
ference produces a change in unit activity is consistent with reasonable assumptions
about the cat's localization behavior: The sensitivity of 4 unit to changes in interaural
time difféerénce as measured by the slope of the curves in Fig. XXIII-8 is greéatest for
values of interaural timeé differénce near zZero, and it shows a sharp décreaseé for values
of intéraural time difference greater than 200300 usec. The slope of the curves in
Fig. XXIII1-8 is plotted as a function of interaural time difference in Fig. XXHI-10. The
8lopes are not symmetrieal abetit zero interaural time differenceé because of the press
ence of an interaural intensity difference.

These ciirves can be related to a psychophysical parameter known as the Hornbostel«
Wertheimer constant. This parameter is defined as the interaural time difference
beyond which change in interaural time difference produces little change in position of
the sound image. In humans this is approximately 500 p:Se'é;l Since the distance between
the ears is smaller for cats thar it is for humans, and therefore the maximum interaiural
time difference that could occur in free-field stimulation is smaller, it is perhaps not
unreasonable to assume that the Hornbostel-Wertheimer constant for cats, if such a
thing could be neasured, would also be smaller. ,

A particularly interesting feature of the model is that the minimum interaural time
difference that can be discriminated in terms of the model compares favorably with the
minimum interaural time difference that the cat is capable of discriminating behavior-
following assumptions: (a) There is in each accessory nucleus a homogeneous popula-
tion of n cells. (b) Each cell on the left fires to a given stimulus presentation with
probability P; and does not fire with probability Q; =1 - Py . Similarly, each cell on
the right fires with probability Pp. (c) Firings of individual cells are mutually inde-
pendent.

We define random variables X; and Xp as the number of cells on the left and right

=S 2 2

E(Xg) = mp = nPg,  o°(Xp) = o = nPpQp. (2)

We define a third random variable, Xp» as the difference between X and Xp-
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X

5= Xp - Xp- (3)

It follows that

and from the assumption of independence that
iy L 2 2 2 o pe A s
G (XD) 2o =0, ¥oR = ,nx(PLQL+~PRQ;R,).. (5)

We now ask the question, For a given number of cells n, what is the smallest dif-
ference AP between P and P which will result in X[, being greater than zero with
probability at least 0.75? (If the higher centers in our model made a "forced-choice"
deecision of right or left of centér based simply on whether XL, was greater than or less
than Xy, the choice of 0.75 probability Would mean that three out of four stimulus pres-

entations would result in the judgment "right of center." The choice of 0.75 is arbitrary.

It is chosén as 4 cotivenient level midway bétween 0.5, corresponding to pure chance,
and the asytfdiptotic valde 1.0. While it i§ chosen on much thé same basis as the 0.75
level is chosen in psychophysical experiments, it should not be construed as corre=
sponding to a behavioral just-noticeable difference.) If n is large, we can usé the nor=
mal approximation t6 thé binomial, so that XD can be approximated by a normal dis-
tribation, and from a tabulation of the normal distribution we find that

""" > 0. 76 (6)

D B

Setting mp, = 0. 7oy and substituting from Eqs. 4 and 5, we have

n(P,-Pp) = 0.7 ¥ n(P Q +PQp) (7)

b - Py =ap=0.1 P e Paan/n, @

Since we are interested in small differences between P, and PR. we can set
P;Q; +PpQp = Z(PLQL)I. Finally, we have

)

Let us, for the moment, set n = 5000, This estimate is based on the density of cells

that one-fourth to one-half of the cells in the accessory nucleus are of the type that can
be included in the model. It is probably conservative. Referring to Fig. XXIII-7, we
see for this particular cell and this particular stimulus configuration that P; = 0.7,
QL = 0.3, when P; and Pp are equal. Substituting these numbers in Eq. 9, we have
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AP =f{0.7x0. 3)/5000 = 0, 006.

In order to detérmine the change in interaural time difference to which this ¢orre=
spotids, we observeé from Fig., XXIII-7 that a change in interaural time difference of
50 psec results in a difference between P; and PR of ~0.12. Therefore AP =0, 006
corresponds to a change in intersural time difference of 0.006/0.12 X 50 useéc, or
2.5 psec. This value is typical of the ¢ells that we have observed and is of the same
order of magnitude as the minimum change in interaural time difference that the cat
is capable of discriminating :behavioraily.‘l;z

While our assumptions of homogeneity and independernce are gross simplifications;
we have an indication that the model potentially may be capable of discriminations of
the right order of magnitude. S o )

' J. L. Hall I, Cynthia M. Pyle
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B. POSTAURICULAR ELECTRIC RESPONSE TO ACOUSTIC STIMULI IN HUMANS

Many investigators have reported that acoustic stimuli alter the electric activity
recorded from the scalp of humans. Several of these reports describe evoked responses
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Fig. XXIII-11, Averaged responses to clicks for two electrode locations behind
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the left ear. The electrodes were stainless-steel needles. The
reference electrode was clipped to a Saline-moistened cotton pad
on the right earlobe. Negative polarity for the active electrodes
is plotted upward. Responses are shown for 7 stimulus intensi-
ties. Clicks were produced by applying a 10-psec rectangular
pulse to the terminals of an Altec 1-755A loud-speaker that was
located ~4 feet in front of the subject seated in a soundproof
room. Clicks were presented at a 10/sec rate; reference level
(0 db) = 13 volts into the speaker. With this stimulus arrange-
ment the psychophysical threshold was appreximately ~65 db for
this subject. (The beginning of each trace in this and subsequent
figures marks the instant at which a monitoring microphone
placed near the ear detects the arrival of the click.) Number of
responges averaged for each trace, N = 1000, Recording ses-

sion 1 on this subject (N. Y-S. K., 1/12/62).
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with lateiicies of less than 70 msec.

1<6

We have recerntly found a short latency résponse

localized behind the external ear (auricle) which does not appear to have béen previously

reported. Someé of the characteristics of this response are sufficiently unusual to war-

Fant a brief réport.

The postauricular response has been Fecorded both froim needle electrodes thrust

inte the skin postérior to the attachment of the ear (Fig. XXMI-11) and from wick elec-

trodes curled over the attachment of the ear. Since the responses are not visually

detectable in single traces except at high stimulus intensities, it was necessary to com-

ﬁutsé?l averaged resporises on the ARC.

Figure XXIII-11 shows responses récorded from two electrodes located behind the

ear. The distance between the eléctrodes was 1.5 cii. The responses from electrode 1

show a peak approximately 11 msec after the acoustic stimulus arrives at the ear.

Fig. XXIiII-12.

QPR No. 68

N MSEC

LATENCY:

AMPLITUDE IN BV

o ELECTRODE
o ‘ELECTRODE 2

60 50 -40 <30 20 -0 O
CLICK INTENSITY IN DB

Latencies and amplitudes of the negative peaks in the traces of
Fig. XXIII-11 as functions of click intensity, Latencies are
measured from the beginning of each trace; amplitudes are
measured from base line to peak.
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negative peak is followed approximately 7 msec later by a positive peak that is less
prominent in thé recordings from electrode 2. In general, the waveform of the
respon&eés ¢an vary considerably with location of the electrode; although theé most proim=
inent deflections occur with latencies in the 10-20 mseéc range. For a specific location
on any one subject, the response waveform seems to be gquite repeatable except as noted
below.

Figure XXIII-12 shows that the latency of the negative peak decreases and its ampli=
tude increases with increasing cliek intensity. There is a relatively constant difference
of approximately 2 msec between the latencies of the réspenses from the two electrodes.
Note also that thie amplitide of responses i§ smaller for electrode 2. This is consistent
with our observation that the responses are largest in the region near the attachment of
the external ear.

Fig. XXIII-13, Averaged postauricular responses for several click rates, The
' marks under each trace denote the times of arrival of the clicks at
the ear. The electrode was placed in the same location as elec-
trode 1 of Fig, XXIII-11, The reference electrode was on the
right earlebe. Clicks were produced by 10-psec rectangular pulses
delivered to the loud-speaker terminals. Click intensity, -10-db
re 7 volts into loud-speaker; N = 1000, Recording session 2 on
this subject (N. Y-S. K., 1/24/62).
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Figure XX1II-13 shows the postauricular response for six differént click rates. The
responses at 200 clicks/se¢ and 500 clicks/sec aré complicated by the overlap of
responses t6 suceessive clicks. However, it is clear that Some responses are synchros
nized with clicks, even at the 200/se¢ rate.

These results might seem t6 suggest that the relationship of these resporises to the
stimulus parameters can be éasily described. However, this appears to be so only for
the first few recording sessions. One of the exasperating aspects of working with this

©  MINUTES AFTER  °
: START OF RECONDING .--

1oLy

6-7
7-8

8-9
9-10

10-11

H-12

|
1

by g

Fig, XXII-14. Averaged postauricular responses as a function of time after the
start of stimulation. Averages of responses recorded simulta-
neously frem both a needle electrode and a wick electrode. Ref-
erence electrode on nose. Clicks were produced by 100-psec
rectangular pulses. Click intensity, -20 db re 17 volts; repe-
tition rate, 10/sec; N = 500. Recording session 4 on this subject
(N. Y-S. K., 3/20/62).
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BEFORE SHOCK

R N s e m e e s
‘L: RER
b
:

1

AFTER SHOCK Lo’

= | 3 pvoLTs

Fig. XXIII-15. Averaged postauricular responses from a subject before and after the
dehvery of electric shock to the bare feet. The responses of the sub=
ject to steady elicks had decreased steadily with time from the start
of the session. After the résponses had declined to the level shown in
the trace marked "before shock," the shock was délivered. The first
100 seconds of response activity were then processed to give the trace
labeled "after shock." Responses recorded between a wick electrode
and reference on nose, Stimulus conditions identical with those of
Fig. XXII1=14; N = 1000. Session 5 for this subject (E.C.T., 4/5/62).

particular response is illustrated in Fig. XXII-14. On the fourth recording session

for this subject, responses were recorded for more than 12 minutes during which time
click stimmuli were delivered at the rate of 10/sec. Both needle and wick électrodes
were used for this run. The wick electrode was in contact with almeost the entire pos-
terior line of attachment of the external éar. The responses recorded by the needle
electrode are smaller than those in Fig, XXIII-1] because the needle could not be placed
in the same locations with the wick in place. The waveforms of the responses from the
two electrodes are quite different, particularly in that the initial negative peak is absent
in the wick recordings. The later components in the responses recorded by the two

electrodes seein to be comparable in latency, and they decline in amplitude in a similar

way. This gradual decrease in response amplitude does not eccur in initial recording
sessions and occurs more rapidly in later recording séssions. For some of our more
"experienced" subjects, responses that had been stable in the initial sessions decreased
rapidly in amplitude after the first few responses in later sessions. In sessions in which
the amplitude had become small, various instructions to the subjects, such as "count

the clicks," "relax," and "read," did not result in an increase in amplitude. Also,
changes in room illumination or click intensity and repetition rate did not bring back

the response. One instance in which the responses did become large again momentarily
is shown in Fig. XXIII-15, Electric shocks to several of our subjects resulted in a spec-
tacular increase in response amplitude with subsequent rapid decrease. After the
shocks were repeated several times they, too, ceased tohave significant effects.
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Fig. XXIII-16. Postauricular responses influénced by head positiori. The head was
first oriented in an upright position. Then the head was allowed to
fall back until it restéd comfortably on a support. Fmélly, the head
was brought forward in a bending position. Changes in head posi-
tion often had dramati¢ €ffects on thé responses, but at other times
did not. Checks of the recording arrangement were always made
to ensure that no electrical connectioris were disturbed as a result
of head movements. Stimulug conditions are identical with those of
Fig. XX11I-14. N = 1000 for the top and bottom traces; N = 500 for
the middle trace. A needle electrode behind the left ear was used
in these recordings with the reference electrode on the right earlobe.

Session 4 for this subject (E.C. T., 3/26/62).

postauricular response. For most of our subjects an upright position or forward bend of
the head resulted in larger responses than tilting the head back. The effect is not always
as dramatic as that illustrated in Fig. XXIII-16, even for the same subject. A similar
phenomenon has been previously reported for a longer latency response to auditory stim-
uli.®

A few miscellaneous facts can also be noted. The postauricular responses are
obtainable with other transient stimuli, such as bursts of tone or bursts of noise. They
are obtainable bilaterally, even by using earphones to stimulate only one ear. Clear
responses were obtained from 8 of 10 subjects. Of these eight, four were male and four
female. All subjects were less than 40 years of age and healthy. No responses could
be detected in records obtained from two subjects with severe hearing losses.

The ease of recording postauricular responses invites further experimentation to
determine their origin. The lability of the response challenges the ingenuity of the
experimenter. This lability resembles the behavior of certain responses recorded from

the brains of unanesthetized cats.” In particular, a decrease in amplitude with prolonged
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&timulation is characteristic of some components of the cortical responses in cats. It
is difficult, however, to make direct comparisons bétwéen these two Sets of data
recorded in different ways from different species.

Despite the synchreny of the postauriculaf responses with stimuli at high rates
{Fig. XXIII-13), it is possible that the response arises from activity of either ear or
neék mu'sclé's ‘The sen‘siﬁvi‘ty of the re‘S‘po‘h§e ta c‘hat‘lgés in 'el'eét‘rode flcscatien and the
of stapedius _t,n,usc:le actwrty in the middle ear, since a clear response was obtained in
a sibject who had undergone stapes surgery with resultant severing of the muscle.

N. Y-S. Kiang, A. H. Crist, M. A. French, A. G. Edwards
(Dr. A. G. Edwards is a Resident at the Massachusetts Eye and Ear Infirmary.)
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C. RESPONSES OF A NEURONLIKE NET TO PAIRED STIMULI

We have reported previously that the response to the second of a pair of stimuli to
a neuronlike net goes through damped "cycles" of alternate "enhancement” and "depres-
sion" as a function of the length of the interval between the two stimulj,l Other work
on such "recovery curves" has confirmed and extended this result.

The variance of these recovery curves was found to be considerable, seldom being
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less than 20-30 per cent of the amplitude of the eyclic oscillation, and sometimes
exceéeding it. The eéxplanation for this variability lies in the fact that the stimulus pair
never fe-encounters identical eonditions, sihce the net is Spontaneocusly active.

We found that the intervals between the peaks in the recovery curves increase when
the time constant that répresents the refractory property of the neuronlike elements
is increased. This effect was expected, since the periods for spontaneous oscillations
show a sifiilar dependence.

Finally, we found that the "enhancement-depression" éycle varies in prominence
as a function of the intensity of the stimuli. If the two stimuli are of equal intensity,
there is one intensity level that produces the effect with greatest prominence. At high
intensities (for which a large proportion of the elements is stimulated),. the activity of
the net dies; or nearly dies, after the first stimulus, since most of the eleménts are
simultaneously refractory: the cycle vanishes under these conditions. At low stimulus
intensities, "spontaneous" firings occur so frequently that the responses are small com-
pared with the total activity; thus the effect vanishes into the noise level.

A detailed account of these results has been given in R. B. Keim's thesis.?

R. B. Keim, B. G. Farley
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3 ) XXIV. NEUROPHYSIOLOGY'
£
¢ W. S. McCulloch M. C. Goodall
M. A. Arbil W. L. Kiln
F. S. Axelrod

M. Blum
J. E. Brown

J : } D1ane Ma.]orI A
R. C. Gesteland

RESEARCH OBJECTIVES

The aims§ of this group can be stated best under thireé main headings:
1. Basie Thieory

Our purpoese is to develop thie necegsary logi¢al and inathematical theory for an
understanding of computation such ‘ i performs, and thus lay foutidations for

an attack on the problem of dec the presence of a redundancy of potential
command siich ag that encountered in the ret ular formatmn

W. L. Kilmer;, W. 8. McCulloch

2. Project Plans

‘ta) Olfactor. P
attemipt to unra:

, We expect to go. to the second-ordes heurons now in an
ategories of the first ot:der.

R. C. Gesteland, W. H. Pitts, J. ¥. Lettvin

\ (b) Electrodes. We shall prosecute the study of specifically sensitive () pH, and
other sorts of electrodes, partly for oceanographic application, partly for b1olog1ca1
! application.

W. H. Pitts, R. C. Gesteland, J. ¥. Lettvin
(c) Instrumentation, Various electronic devices will be built as the need arises.
J. Y. Lettvin, R. C. Gesteland
(d) Visual Processes. We are branching into the study of férm-function relations
and color visien, as well as into further octopus. work.
H. R. Maturana, J. Y. Lettvin

(e) Visual Processes of the Rat. We plan to: study the organization of receptive
fields in rodents. ) )

J. E. Brown, J. A. Rojas:

(f) Physiological Optics. We are working on schemes to track the position and focus:
of an eye from a dists

B. H. Howland, R. C. Gesteland, J. Y. Lettvin

ThlS work was supported in part by Bell Telephone Laboratories, Inc.; The
Teagle Foundation, Inc.; the National Institutes of Health (Grant NB-01865-05 and
Grant MH-04737-02); a.nd in part by the U.S. Air Force (Aeronautical Systems Division)
under Contract AF33(616)-7783.
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3. Problems of Sensory Projection Pathways

Diring the past year, we have concentrated on two major lines of approach to the
mg of cutarieous densory mechanisms. The first has dealt with the control system
ted about the first central synapse where nerve fibers from the skin converge on

cells m the dorsal part of the spmal cerd We have shown that the very small cells

This censorsh1p of arrlvmg nerve 1mpulses is affected by prev1ous act1v1ty in the same
pathway, by act1v1ty in neighboring areas of skin, by interisé activity ifi distant areas,
particularly in paws and face, and by &timulation of the cerebellum, mid-brain, pons,
and imedulla. The censorship mechanism seems to bé in continuous action, and we
believe that it is best studied by steady stimuli; rather than by Sudden brief changeés in
the environment. The mechanisms that weé have seén in the cat would predict inter<
actions between various types of skin st1mu11, and we have carried oiit concomiitant
experiments on man to examine these hypotheses: These psychological expériments
have shown that there is a most intéresting interaction in man between hght-pressure
st1mu11 and electrlcal stmulatlon We have published some of this work in Brain and
» : of siclogy, and two other papérs will appear, in 1963; inh E ne
b In the commg year, we shall pursue the study of the censorship m
i an attempt to find someéthing of its role in the normal functioning of the animal.

Our second liné of approach is an attémpt t6 discover the language used by the 8kin
in tellmg the brain about the location of the stimulus. We are studymg two reflexes that
require the motor mechanisms to know the éxact locatmn of the muli g
the scratch or swipe reflex, and the second is the eyé blink re tudymg thie path=
ways over which the information i8 carried both in normal ammals and in frogs and sal-
amanders who have béen opérated on in their youth. If dorsal and ventral skin are
réversed in the tadpole, the scratch reflex of the adult frog is aimed at the embryolog-
ical pos1t1on of the gkin, and not at its actual pos1t1on, so that it is evident that some
message is going from skin to central nefvous systém which tells the nature of the skin
rather than its position. We hope to discover the nature of this message by microeléc-
trode studies of the cord. Similar work is being done on amphibia in which an additional
eye is unplanted on the head. The extra eye will génerate a blink reflex in the normal
eye if it is touched and so we know that nerves are somehow capable of tellmg the brain

mal frogs, a paper will soon appear in E ver1mental Neurolo '
pushed vigorously during the next year.” , :

A, Taub, K. Kornacker, Diane Major, P. D. Wall

. “and this work w111 be
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RESEARCH OBJECTIVES

The a1m of our work is to apply the concept of commumcatmn and ¢ontrol theory
ol S ‘The group is composed of
neurologlsts, mathematlclans, and elect ‘engmeers Our reseéarch erideavors to
gpan a wide field that includes experiments oh human corntrol mechanisnis, mathemat-
ical methods for analysis of nonlinear systems,; including simulation, clinical studies
with on-line digital-compu‘er techniques employed, neurophsiology of simple inverte-
brate réceptors, and adaptivé pattern-recognition techniques with the iise of comiputers.

L. Stark

¥ A. WORK COMPLETED

Shert summaries follow of theses accepted by the departments, and in partial fulfill-
ment of the Fequirements for the degrees, indicated.

1. A Sampled Data Model for Eyé= Tracking Movements, Sc.:D. Thesis, Department
of Aeronautics and Astronautics, M.1.T., May 1962.

A sampled-data model has been developed, based on the following principles: 1) the
predictability of the target signal has a profound eéffect on the system's ability of track
continuous and discontinuous target motion; 2) the saccadic and pursuit systems function
separately; and 3) the eye-movement tracking characteristics are of a discrete fature.

L. R. Young

2. A Convenient Eye Position and Pupil Size Meter, S.M. Thesis, Department of
Electrical Engineering, M.I.T., June 1962.

A specialized television system, in which a technique of circular track scanning is
employed, takes continuous readings of eye pupil size and position. The ac components
of scanning deflection signals are proportional to the eye pupil diameter, and the dc

components are proportional to the coordinates of eye pupil position. A
' C. A, Finnila

Tms research is supported in part by the U.S. Public Health Service (B-3055,
B-3090), the Office of Naval Research (Nonr-1841 (70)), the Air Force (AF33(616)-7588,
i AF49(638)-1130, AFAFOSR-155-63), and the Army Chemical Corps (DA-18- 108-405-Cml-
i 942); and in part by the National Science Foundation (Grant G-16526).
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{(XXV. NEUROLOGY)

3. The Design and Construction of a Motor Coordination Testing Servomechahnisim,
Deépartment of Electrical Engineering, M.I.T., June 1962.

An instrument consisting of two eléctrically identical de servomechanisms with con=
centri¢ output shafts was designed to test the dynamic behavior of human motor coordi=-
nation in the lower arm and wrist. . o

G. L. Gottlieb

4. BEffects of Alcohol and Barbiturates on Rotational Mechanical Responses; S.B.
Thesis, Department of Electrical Engineering, M.1. T., June 1962.

The effect of alcohol and barbiturates on the response of subjects following a light
spot with a pointer was found to depend on the frequency at which the input light moved
on the screer. o

5. Head-Position Indicator, S.B.Thesis, Department of Electrical Enginieering,
M.I; T. » June 1962.
A gyroscope=demodilar system was iised to indicate head position, $o that the place
where a subject 160ks in a given sitiation can beé determined: o
H. R. Howland

6. Computer Analysis of Handwriting Applied to Cancer Detection; S.B. Thesis,
Department of Electrical Engineering, M.I1.T., June 1962.
The Kaufer Neuromuscular Test was programmed on the TX<0 compuiter, the results
analyzed, and improvements suggested.
R. G. Kurkjian

7. A Semiconductor Regulated DC Power Supply, S.B.Thesis, Department of Elec-
trical Engineering, M.I.T., June 1962.

An efficient power supply for application to a servomechanism system is obtairied by
cascading a trangistorized filter and a transistor d¢ regulator.
K. D. Labaugh

8. A Measuring Device for the Tremor of the Human Finger, S.B.Thesis, Depart-
ment of Electrical Engineering, M.I.T., June 1962.

With a transducer that employs the change in capacitance of two plates, caused by
varying the distance between them, a signal can be detected which indicates finger
tremor.

G. Segal
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(XXV. NEUROLOGY)

9. The Pupil Light Refléx in thé Owl, S.B.Thésis, Department of Biology, M.I. T.,
May 1962.

‘The pupil reflex of an owl to light was found 6 contain nonlinearities that contribute
to the variability of the gain results.
G. H. Northrop

10. Linear Light Source for Eye Stimulation, Department of Electrical Engineering,

A television screei is used as a light source to stimulate the €ye, and thus enabie
‘oneé to observé the pupil under various stimulation conditions:

:G‘ B Sever

11. The Effécts o6f Drugs oii the Transfer Function of the Hutnan Pupil System;
Department -of Biology, M.I.T:, May 1962.

Using physostigniné and hydroxyamphetamine hydrobromide together, we found
that the minithum phase lag was increased, and the gain of the transfer fune-
tioh decreased.

J. W. Stark

12. Effect of Operatinig Conditions or Néise in Human Pupil Servomechanism, S.B.
Thésis, Department of Electrical Engineering, M.I.T., June 1962.

The mean-square value of noise was found to be a monotonically inecreasing function
of light intensity: the noise has stationary components from 0.08 ¢ps to 2 eps, and the
spectrum contained a relative maximum at 15 cycles per minute which ¢orresponded to
the respiration rate.

B. P. Tunstall

13. Transient Adaptation in the Human Pupil Servomechanism, S.B.Thesis, Depart-
ment of Biology, M.I.T., June 1962.

rapid rise in pupil response when the steady light input to the pupil is decreased.
W. M. Zapol
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(XXV. NEUROLOGY)
B. EYE CONVERGENCE

An apparatus similar to that described by Rashbass and Westheimer! (Fig. XXV-=1)
has been used to présent a convergence-divergence stimilus to human subjects.

GLASSES

MAXIMUM — CENTER ,
- CONVERGENCE / LINE ® =150CM
= __10CM FROM O L A FROM O

- 7-_7 ——— _7——’ e ey - ai——

=— FAGE OF CATHODE -
RAY TUBE

Fig. XXV=1. Eye-convergence apparatus:

The electrical apparatus used is shown in Fig. XXV-2. Eye movements are
recorded from photocells mounted on eyeglass fra‘m_'e,sez The variable measured

e | BRIDGE | vou Z ER ‘ -
EYE 1 : . VOLTAGE .| AMPLIFIE ) y
1 cope [ CIRCUIT FOR —* FOLLOWER [ . —=—w| RECORDER

apparatus. '

thus far, the angle of convergence-divergence (a ), is defined as the angle between
the line of sight when the eye is focused at infinity and the line passing through

the target and the center of the eye. Calibration of eye movements (Fig. XXV-3)
is accomplished by having the subject focus on a light appearing at infinity and
then on a light that is a known distance from t_.hg first. Thus a known e, is sub-
tended. Subjects have been presented with sinusoidal and step stimuli. Records
of stimuli and responses appear in Fig. XXV-3. Future investigations will include

closed-loop predictable and unpredictable frequency responses with single and
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a, = 20° LEFT
drs0°

a,»20°RIGHT :
(6) @)

(a) Step responsge, f = 1.0 cps.

(b) Sinusoidal response, f = 0.1 cps.

(c) Sinusoidal response, f = 1.0 cps. 7

(d) Typical calibration, e = stimulus angle; a, =

r
response angle (average value shown).
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(XXV. NEUROLOGY) -
mixed compiitér-produced sinusoidal stimuli used. Finally, the dynafiics of the
system. when the feedback loop has been opened will be investigated.
B. L. Zuber, L. Stark
References

1.‘C. Rashbass and G. Westheimer, Disjunctive eyé movements, J. Physiol. 1_5__ 5
339-360 {1961).

2. G. P. Nelson,; L. Stark, and L.. R:. Young, Phototube glasses for measuring eye
movemernts, Quarterly Progress Report No. 67, Research Laboratory of Electronics;
M.I.T;; October 15, 1962, pp. 214-216.

C. PUPILLARY NOISE
In an attempt to discover posgsible sources of pupillary unrest (noise), a ¢crosscorre=
lation program has been written for the GE 225 computer. With the aid of this program
PUBIL
AREA
: !llf"“ﬁ AT (mi 'm l" 'l"f’ . :'”'I'M‘!u Ml
R,ESP!,RATDN‘
SIGNAL
o NN T T
AREA S i P e
= am ] =
gﬁ : : 3
e
[,
WIIIIWWWHIHNHMHIIIMHMHM
T B
nespmunon (ol
ﬂ%@ggmgﬁ%mmmgmm T -
—‘! L855 SEC
Fig. XXV=-4. Digitalized records of pupil area and respiration signal. ’
i
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Fig. XXV-5. Crosscorrelation between pupil noise and respiration.

pupil noise can be compared with other biclogical signals to detertnine whether or not
correlation exists.

As a first attempt, the pupil noise was crosscorrelated with a respiration signal.
This respiration signal was obtained from a device that consisted of a thermistor (Fenwal
Type BC32L1) placéd inside a hollow plastic tube, which, in turn, was inserted into
the nostril of the subject. As the subject inhaled and exhaled, the temperature in the
environment of the thermistor changed and thus the resistance of the thermistor changed.
The thermistor was used as one arm of a resistance bridge, and the signal obtained
indicated, in some sense, the respiration of the subject.

The respiration was crosscorrelated with the pupil area under constant illumination
conditions. Three cases were tried: (a) slow breathing, (b) regular breathing, and
{c) fast breathing.

Figure XXV-4 shows a typical area and respiration signal for the slow-breathing
case after digitalization, and Fig. XXV-5 shows its crosscorrelation function. The
crogscorrelation function is

(R (y(t+r)F)

Here, the bar denotes time average, x is the pupil area, y is the respiration signal,
X and § are the respective time-average values, and ¢, and oy are the respective rms
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(XXV. NEUROLOGY)

values of the signal. We see from Fig. XXV=5 that the correlation peak goes as high

as 15 per cent. For regular breathing the correlation peak was approximately 11 per

cent, and for fast breathing a peak of approximately 2 per cent was obtained.

No definite ¢onclugsions will be drawn now, due to the fact that the experiment was
performed only orice; and there is the possibility of head movement during breathing,
which could add cottrelation.

S. F. Stanten, L. Stark

D. EYE-MOVEMENT EXPERIMENTATION
Equipment for our eye-movement experimnént has been set up at the Massachusetts

Eye and Ear Infirmary of the Massachusetts ‘General Hogpital. It is véry gimilar to the
-experimental arrangement used for the study of the effect of pharmacological agents on

TARGET
ANGLE ©

A AT i i T bt
=4 =1SEC

5CMm/SEC
(a}

TARGET
ANGLE

5CM/ SEC
{b)

Fig. XXV-6. Response to step changes in target angle recorded from (a) normal
subject, and (b) young child with possible brain tumor.
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